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PREFACE.

THE following treatise on the steam-boiler, its design, con-
struction, and operation, is the outcome of an attempt to meet
a demand which has been repeatedly made for a fairly com-
plete, systematic, and scientific, yet “ practical,” manual. It
has been intended to work to a plan that should be sufficiently
comprehensive to meet the wants of the engineer in his office,
and yet so rigidly systematic as to be suitable for use as a
text-book in schools of engineering. It has been the endeavor
to incorporate the elements of the subject just so far as they
are needed in preparing the way for the work of the designer,
the builder, and the manager of steam-boilers; while also
amply complete and logical to permit the use of the book in
the instruction of the student in applied science. It was not
expected that it would be found practicable to make a manual

‘of this kind absolutely complete as a workshop treatise to be

used by the boiler-maker—a trade manual; but it was hoped
that it might, within these limits, be made fairly satisfactory to
the engineer engaged in designing.

The plan of the work is as follows: Beginning with an his-
torical and descriptive introduction, in which are traced the
various developments of the apparatus used by the engineers of
the time of Watt and earlier, and by his successors, and the
progress made since his time to date, the existing standard
forms of boiler are described and classified, and their special
adaptations indicated. A chapter is devoted to the study of
the characteristics of the materials used by the engineer in the
construction of steam-generators, and another to the strength
of these metals in their several forms and compositions, the
methods of adaptation to the purposes of constructien, and to
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the statement of the precautions to be observed in their intro-
duction into so important a structure. Another chapter is
appropriated to the examination of the composition and rela-
tive values of the various available fuels, and their economical
use in the production of steam.” These chapters on the mate-
rials and their characteristics are adapted mainly from the
notes of lectures from which the larger work of the Author—
« Materials of Engineering”—was compiled. It has been the
endeavor of the Author to make this introductory portion of
the book exceptionally complete, as it is the foundation of all
that follows, and is a'branch of the subjcct to which much at-
tention is rarely given in treatises of this character. Follow-
ing this part of the work are chapters upon the laws of ther-
modynamics, so far as they find application in the subsequent
portion of the work, as, for example, in the determiration of
‘the magnitude of the stock of heat-energy stored in steam,
‘and in the calculation of the constants required in tabulation
of its properties; and this part of the scheme is introductory
to a study of the properties of water in its several character-
‘istic forms,—solid, liquid, gaseous,—and especially of the essen-
tial attributes of steam at the pressures and temperatures
which are customarily met with in every-day practice. The
tables, however, which are here given are carried up to a range
of pressure and of temperature far exceeding those in common
use, and it is thought are sufficiently complete to serve their
purpose for many years, notwithstanding the unintermitted
progress in the direction of higher pressures which is now ob-
served, and which is not likely soon to completely cease. In
these tables the constants of Rankine are adopted, not so
much because it is considered by the Author, if we may judge
from what is to-day known on this subject, that they are quite
as likely to be correct as any others; but for the reason that
they have become so generally accepted among engineers, and
differ so little from the best values taken by earlier authorities,
that it is probably wisest and safest to retain them—at least
until the exact quantities are better settled than to-day. Itis
certain that the differences in the magnitudes now taken for
the heat-equivalent, for example, and between those values
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and the ‘exact figures, are too small to be of moment to the en-
gineer in the daily operations of professional work. Rankine’s
reconstruction of Regnault’s results are here accepted, also;
and Buel's tables, the only tables known to the Author in
which this correction has been applied, are, with the consent
of their author and his publishers, here given. The tables of
Porter, published in his treatise on the Richards Steam-en-
gine Indicator, may be used where separate tables in con-
venient and compact form are desired. The diffcrences to be
noted between the latter, which are compiled, with careful re-
vision, directly from Regnault, and those of Rankine are not
great; but the engineer should use either the one or the other
exclusively in any one piece of work.

In the study of the methods and principles of designing
steam-boilers, an attempt is made to collate the most essential,
and to apply them to the proportioning of the best forms of
boilers now familiar to the engineer. This part of the work
is of great importance to the designing engineer, and it has
been the endeavor to give this treatment of it a shape that
will prove at once sufficient for its purpose, and yet fairly con-
cise and very definite. It includes chapters on the design of
the chimney and other accessories, and on specifications and
contracts—subjects rarely touched upon in earlier manuals.
The chapters on the operation and care of boilers, and their
management generally, is largely based upon a somewhat ex-
tensive personal experience during earlier life, on the part of
the Author, when he was engaged, first in the business of con-
stuction, and later in actual practice, during the civil war, as a
member of the corps of U. S. Naval Engineers, as well as
during two decades of desultory practice as a consulting en-
gineer since that time. It is hoped that it may prove well
suited to meet the needs of the class of young men to whom it
is addressed.

In the chapter on trials of steam-boilers, the methods re-
ported favorably to the American Society of Mechanical En-
gineers are adopted as standard, and the report of the com-
mittee is taken almost bodily into the text. As this report,
in part, was prepared by the Author from his lecture-notes
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largely, arid in consultation with the several distinguished en-
gineers associated with him on that committee, it may, very
probably, be admitted that this wholesale quotation is fully
justified. The report will be found published in full in the
Transactions of that Society, together with the discussion
brought out by its presentation.

The chapter on explosions is already in print, with a few
additions, as a treatise on the subject, published by Messrs. J.
Wiley & Son. It was considered that such publication would
very possibly prove of some service in preventing this proba-
bly absolutely preventable class of disasters, and that it would
secure a wider circulation, and do so much the more good, if
printed as a separate monograph.

The work, as a whole, is a larger treatise than could be used
profitably in the average technical school; but it is thought
that it may find its place in the special schools of mechanical
engineering, in those which are properly entitled to be called
professional schools, giving a training which really fits the
student who may succeed in passing through them for en-
trance into the ranks of a profession which demands of its
cadets a more complete preparation and a higher standing
than any other, even among the distinctively so-called learned
professions. The Author is fully conscious of the vast discrep-
ancy between his aim and his accomplishment ; but he hopes
that the book may be of some service, nevertheless, to many
engineers, old and young.
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THE .STEAM-BOILER.

CHAPTER 1.
HISTORY OF THE STEAM-BOILER—ITS STRUCTURE.

1. The Office of a Steam-boiler is to transfer the heat-
energy produced by the combustion of fuel to the mass of en-
closed water, and, by the conversicn of the latter into steam,
to store that energy in available form for use, as in the steam-
engine.

The source of this energy was, originally, that existing in
the rays of the sun, and, by the action of chemical affinity as
exhibited in the growth of vegetation, it has been transformed
from its kinetic form, in heat and light rays, to the potential
form, as now found in the recent or fossil fuels of forest and
coal-bed.

The process of absorption and storage of heat-energy in
vegetable matter is reversed, in the furnace, in the combustion
of the fuel; and the combination of the carbon and hydrogen,
constituting the familiar hydrocarbons, with the oxygen of the
air entering the “firebox,” retransforms their stored, poten-
tial, energy into the available, kinetic, form of heat-motion, and
it is then applied to the elevation of the temperature of the
gaseous products of combustion and of the nitrogen passing
through the boiler. By conduction and convection, and by
radiation, in part, this heat is next transferred to the water in
the boiler, raising its temperature, evaporating it, and “ making
steam’ at a temperature fixed by the pressure under which the
operation is carried on. By the formation of steam, a part of
the heat is converted once more into the potential form by that
method of performance of “internal work” in the separation of
molecule from molecule, against the resistances due to cohesive

forces, which measures the “latent heats” of evaporation and of
I




2 THE STEAM-BOILER.

expansion; while the remainder is the sensible heat of the
steam. Thus the fluid stored in the steam-boiler is a reservoir
of energy which is drawn upon by the steam-engine when the
latter is set in operation to transform that heat-energy into me-
chanical energy; and the steam sent from the boiler to the en-
gine conveys to the latter this energy in the two forms of
sensible and of latent heat, or of actual and potential energy.

The steam-boiler should be capable of thus producing, stor-
ing, and delivering heat-energy, in maximum quantity, and
with maximum economy and safety. In other words, the
steam-boiler should produce steam in the largest practicable
quantity, with the least possible expenditure of fuel and of
money, and with perfect safety.

2. The Development of the Standard Forms of Steam-
boiler has been a process of trial and error, in some sense one
of evolution of numerous types, and of the survival of the fit-
test, extending over many years. In the earlier days of the

steam-engine the shapes assum-
ed were invariably simple, and
comparatively easy of construc-
tion. Thus the boiler shown
by Hero (Fig. 1), in his “Pneu-
matica,” two thousand years ago,
was spherical; as were those of
many later engines, all being evi-
dently expected to be capable
of sustaining consnderable pres-
sures.*
Thus, in 1601, Giovanni Bat-
tista della Porta, in his work
“ Spiritali,” described an appara-
tus by which the pressure of
steam might be made to raise a
] column of water, and the method
Fi1G. 1.—THE GRECIAN IDEA OF THE X
STEAM-ENGINE. of operation included the appli-
cation of the condensation of steam to the production of a

* History of the Steam-engine. R. H. Thurston.




HISTORY OF THE STEAM-BOILER—ITS STRUCTURE. 3

vacuum into which the water would flow. He used a separate
boiler. Fig. 2 is copied from an illustration in a later edition
of his work.¥*

F1G. 3.—PORTA’S APPARATUS, A.D. 1601. F1G. 3.—Dg Caus’s APPARATUS, A.D. 1618.

Again, in 1615, Salmon de Caus, who had been an engineer
and architect under Louis XIII. of France, and later in the
employ of the British Prince of Wales, published a work at
Frankfort, entitled “ Les Raisons des Forces Mouvantes avec
diverses machines tant utile que plaisantes,” in which he illus-
trated his proposition, “ Water will, by the aid of fire, mount
higher than its level,” by describing a machine designed to
raise water by the expanding power of steam. (See Fig. 3.)
This consisted of a metal vessel partly filled with water, and
in which a pipe was fitted leading nearly to the bottom and
open at the top. Fire being applied, the steam, formed by its

* I Tre Libri Spiritali. Napoli, 1606.
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elastic force, drove the water out through the vertical pipe,
raising it to a height depending upon either the wish of the
builder or the strength of the vessel.

In Worcester’s apparatus, also (Fig. 4), we have a hardly
less simple form of boiler, the operation of which is such as to
render it subject to high pressure.

Steam is generated in the boiler D, and
thence is led into the vessel A, already nearly
filled with water. It drives the water in a jet
out through a pipe, 7 or /'. The vessel 4 is
then shut off from the boiler and again filled “ by
suction” after the steam has condensed through
the pipe G, and the operation is repeated, the
vessel B being used alternately with 4.

The separate boiler, as here used, constitutes.
a very important improvement upon the pre-

G- 4 Worces. ceding forms of apparatus, although the idea

16se- was original with Porta.

Denys Papin, contemporary with the Marquis of Worcester,
and a distinguished man of science of that time, invented the
common lever safety-valve, and applied it to his “ digester,” as
his closed vessel for cooking under pressure was called; he
used it later (16go) on the steam-boil-
ers connected with his own steam-
engine. It has been continuously in
use ever since.

3. Forms familiar in the Last
Century approximate modern
types. Thomas Savery, A.D. 1699,
used ellipsoidal forms in his then
“newly invented fire-engine,” of
which Fig. 5 is a good representa-
tion, as first given by the inventor
himself, in the “ Miner’s Friend.”

L L is the boiler, in which steam
is raised, and through the pipes O O Fic. s.—Savsry's EnGing, 4.D. 1699
it is alternately let into the vessels 2 P.

Suppose it to pass into the left-hand vessel first. The
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valve M being closed and 7 being opened, the water contained
in P is driven out and up the pipe S to the desired height,
where it is discharged.

The valve 7 is then closed, and also the valve in the pipe O.
The valve M is next opened, and condensing water is turned
upon the exterior of P by the cock ¥, leading water from the
cistern X. As the steam contained in 2 is condensed, forming
a vacuum, a fresh charge of water is driven by atmospheric
Ppressure up the pipe 7.

Meantime, steam from the boiler has been let into the right-
hand vessel P, the cock W having been first closed and R
opened. The charge of water is driven out through the lower
pipe and the cock R, and up the pipe S as before, while the
other vessel is refilling preparatory to acting in its turn.

The two vessels thus are alternately charged and discharged
as long as is necessary. Savery's method of supplying his
boiler with water was at once simple and ingenious.

The small boiler D is filled with water from any convenient
source, as from the stand-pipe S. A fire is then built under it,
and, when the pressure of steam in D becomes greater than in
the main boiler Z, a communication is opened between their
lower ends and the water passes under pressure from the
smaller to the larger boiler, which is thus “fed " without inter-
rupting the work. G and V are gauge-cocks by which the height
of water in the boilers is determined, and these attachments
were first adopted by Savery.

It will be noticed that Savery, like the Marquis of Worces-
ter, and like Porta, used a boiler separate from the water-reser-
voir. '

A working model was submitted to the Royal Society of
London in 1699,* and successful experiments were made
with it. .

Newcomen's engine, of 1705 and later, superseded the
Savery apparatus in consequence of his adaptation of his ma-
chine to the use of low (atmospheric) pressure steam, quite as
much as because of its greater economy. By introducing the

* Transactions of the Royal Society, 1699.
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beam-engine, and pumps separate from the steam-vessel, he

was able to avoid all danger of explo-

sion, using his steam at a pressure but

little exceeding that of the atmos-

phere, and applying it simply to the

displacement of the air, preliminary to

- the production of a vacuum. It thus

became safe to use any convenient

form of steam-vessel, and in Fig. 6 it

is seen that he at once departed most

l signally from those shapes which had

i necessarily been earlier used, and took

Fi6. 6.—Newcomen's Enaine ano advantage of this freedom in design to

BoOILER, A.D. 1705. .

secure a type of boiler of greater pro-

portional area of heating-surface, as shown at &, and conse-

quently of greater economy in use of fuel. It is seen that he
used gauge-cocks, ¢ ¢, and safety-valves, V.

James Watt’s first boiler illustrates another step in this

latter direction.
In this, 4, Fig. 7, the “wagon-boiler,” as he called it, the

Fi6. 7.—Watr’s FirsT
ODBL, 1765. F1G. 8.—OLIvER Evans’s ENGINE, 1800,

vessel is so shaped as to permit flues to be formed on either
side, as well as below, for the circulation of the products of
combustion backward and forward from end to end of the
boiler.

A still further advance is illustrated in the now well-known
“ Coraish Boiler,” Fig. 8, as used by Oliver Evans in the United
States, and by British engineers of his time (1800j, of which
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the “shell” is cylindrical, and through which a single flue, of
about one half the diameter of the boiler, passes from one end
to the other. The gases traverse this flue and also partly en-
velop the exterior of the shell, thus coming in contact with a
comparatively large extent of heating-surface. This form was
followed by the “two-flued” Evans or Lancashire boiler, which
was a cylinder containing two flues, each about one third its
diameter, and by others in which the number of flues was in-
creased with continually decreasing diameter, and with con-
stant gain in total heating-surface until the modern types of
tubular boiler were developed. .

4. Special Purposes produce the Modern Types of
boilers. Thus a desire to secure maximum efficiency produced
the tubular boilers, and the desire to secure safety the so-called
“sectional boilers.” As early as 1793, Barlow invented, and

FiG. 9.—WaTer-TUBE BOILER OF FuLTON AND F1G. 10.—STEVENS'S ** SECTIONAL"
BarLoOw, 1793. BOILER, 1804.

with Fulton used, the “ water-tube” boiler (Fig. g), in which the
water circulates through the tubes, instead of around . them,
asin “fire-tube” boilers. This was the pioneer of agreat variety
of boilers of this class.

John Stevens, a distinguished statesman as well as engineer,
of the early part of the nineteenth century, devised another ex-
ample of this class, shown in Fig. 10, as early as the year 1804.

The inventor says in his specifications: “ The principle of
this invention consists of forming a boiler by means of a system
or combination of small vessels, instead of using, as is the com-
mon mode, one large one; the relative strength of the materials
of which these vessels are composed increasing in proportion to
the diminution of capacity.” The steamboat boiler of 1804 was
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built to bear a working pressure of over fifty pounds to the
square inch, at a time when the usual pressures were from four
to seven pounds. It consists of two sets of tubes, closed at one
end by solid plugs, and at their opposite extremities screwed
into a stayed water and steam reservoir, which was strengthened
by hoops. The whole of the lower portion was inclosed in a
jacket of iron lined with non-conducting material. The fire

F1G. 11.—GURNBY'S STEAM-CARRIAGE, 1833.

was built at one end, in a furnace inclosed in this jacket. The
furnace-gases passed among the tubes, down under the body of
the boiler, up among the opposite set of tubes, and thence to
the smoke-pipe. In another form, as applied to a locomotive
in 1825, the tubes were set vertically in a double circle sur-

F16. 12.—STEPHENSON'S LOCOMOTIVE, 1815.

rounding the fire. These boilers are carefully preserved among
the collections of the Stevens Institute of Technology.

Still another modification of this type is illustrated in the
boiler used by Gurney in steam-carriages (Fig. 11) built about
the years 1830-35, in which the steam-generator consisted of bent
steam-pipe of small diameter so connected with steam and mud
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drums as to make a very efficient as well as safe and powerful
boiler for use where lightness, strength, and safety were essen-
tial characteristics.

Similarly, the special demands of locomotive construction
were not fully met by the single-flue boiler first used by George
Stephenson (Fig. 12) and by his colleagues in 1815, and up to

F16. 13.—STOCKTON AND DAKLINGTON Encinz No. 1, 1825,

the time of construction of the Stockton and Darlington Rail-
way in 1825 (Fig. 13), an example of which is still preserved in
the first engine built for that road. At the opening of the Liv-
erpool and Manchester Railway (182g), Stephenson’s Rocket
was given the multitubular boiler, a form which had grown into
shape in the hands of several inven-
tors.* This boiler was three feet in
diameter, six feet long, and had
twenty-five three-inch tubes, extend-
ing from end to end of the boiler.
“The steam-blast was carefully adjusted
by experiment, to give the best effect.
Steam-pressure was carried at fifty
pounds per square inch.

The average speed of the Rocket -
on its trial was fifteen miles per hour,  Fi6. 14.—Tuz Rocker, 1829.
and its maximum was nearly double that—twenty-nine miles
an hour; and afterward, running alone, it reached a speed of
thirty-five miles.

* Barlow and Fulton, 1795 ; Nathan Read, Salem, United States, 1796 ;
Booth of England, and Séguin of France, about 1827 or 1828.

.
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The shares of the company immediately rose ten per cent
in value. The combination of the non-condensing engine with
a steam-blast and the multitubular boiler, designed by the clear
head and constructed under the eye of an accomplisiied engi-
neer and mechanic, madé steam locomotion so evident and
decided a success, that thenceforward its progress has been un-
interrupted and wonderfully rapid.* .

The special requirements of stationary steam-engme con-
struction and operation, and of steam navigation, have, from
these primitive types and forms, developed in the course of
years the several now common and standard boilers which will
be later described.

5. The Method and Extent of Improvement is now easily
traced. Looking back over the history of the steam.engine, we
may rapidly note the prominent points of improvement and
the most striking changes of form; and we may thus obtain
some idea of the general direction in which we are to look for
further advance.t

Beginning with the machine of De Caus, at which point we
may first take up an unbroken thread, it will be remembered
that we there found a single vessel performing the functions of
all the parts of a modern pumping-engine; it was at once
boiler, steam-cylinder, and condenser, as well as both a lifting
and a forcing pump. The Marquis of Worcester, and, still
earlier, Da Porta, divided the engine into two parts ; using one
part as a steam-boiler, and the other as a separate water-vessel.
Savery duplicated those parts of the earlier engine which acted
the several parts of pump, steam-cylinder, and condenser, and
added the use of the jet of water to effect rapid condensation.
Newcomen and Cawley next introduced the modern type of
engine, and separated the pump from the steam-engine proper;
in their engine, as in Savery’s, we notice the use of surface-
condensation first, and, -subsequently, that of a jet of water
thrown into the midst of the steam to be condensed. Watt
finally effected the crowning improvement of the single-cylinder

* History of the Steam-engine. R. H. Thurston. N. Y.: D. Appleton &
Co., 1878.
{ Ibid.
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engine, and completed this movement of differentiation by
separating the condenser from the steam-cylinder, thus perfect-
ing the general structure of the engine.

Here this movement ceased, the several important processes
of the steam-engine now being conducted each in a separate
vessel. The boiler furnished the steam; the cylinder derived
from it mechanical power; the vapor was finally condensed in
a separate vessel; while the power, which had been obtained
from it in the steam-cylinder, was transmitted through still
other parts to the pumps, or wherever work was to be done.

Watt and his contemporaries alfo commenced that move-
ment toward higher pressures of steam, used with greater ex-
pansion, which has been the most striking feature noticed in
the progress made since his time. Newcomen used steam
of barely more than atmospheric pressure, and raised 105,000
pounds of water one foot high, with a pound of coal consumed.
Smeaton raised the steam-pressure to eight pounds, and in-
creased the duty to 120,000. Watt started with a duty of
double that of Newcomen, and raised it 320,000 foot-pounds
per pound of coal, with steam at ten pounds. To-day, Cornish
engines of the same general plan as those of Watt, but worked
with forty to sixty pounds pressure, expanding three to six
times, bring up the duty to 600,000 foot-pounds; while more
modern compound engines have boilers carrying 150 pounds
(ten atmospheres) above the normal air-pressure, and the duty
has been since raised to above 1,200,000 foot-pounds per pound
of fuel used.

6. The Requisites of Good Design are readily prescribed
and defined : they are very simple, and although attempts are
almost daily made to obtain improved results by varying the
design and arrangement of heating-surface, the best boilers of
nearly all makers of acknowledged standing are practically
equal in merit, although of diverse forms.

In making boilers the effort of the engineer should evidently
be—

1st. To secure complete combustion of the fuel without
permitting dilution of the products of combustion by excess of
air.
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2d. To secure as high temperature of furnace as possible.

3d. To so arrange heating-surfaces that, without checking
draught, the available heat shall be most completely taken up
and utilized. :

4th. To make the form of boiler such that it shall be con-
structed without mechanical difficulty or excessive expense.

sth. To give it such form that it-shall be durable, under
the action of the hot gases and of the corroding elements of
the atmosphere.

6th. To make every part accessible for cleaning and repairs.

7th. To make every part as nearly as possible uniform in
strength, and in liability to loss of strength by wear and tear,
so that the boiler when old shall not be rendered useless by
local defects.

8th. To adopt a reasonably high “ factor of safety” in pro-
portioning.

oth. To provide efficient safety-valves, steam-gauges, and
other appurtenances.

1oth. To secure intelligent and very careful management.

7. Effective Development, Transfer, and Storage of
Heat, in the best possible combination, is evidently what is
demanded in the operation of the steam-boiler.

In securing complete combustion an ample supply of air
and its thorough intermixture with the combustible elements
of the fuel are essential ; for the second, high temperature of
furnace, it is necessary that the air-supply shall not be in excess
of that absolutely needed to give complete combustion. The
efficiency of a furnace burning fuel completely is measured by

Tr—17
E=7=vp
in which £ represents the ratio of heat utilized to the whole
calorific value of the fuel; T is the furnace-temperature; 77
the temperature of the chimney, and ¢ that of the external air.
Hence the higher the furnace-temperature and the lower that
of the chimney, the greater the proportion of available heat.
It is further evident that, however perfect the combustion,
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no heat can be utilized if either the temperature of chimney ap-
proximates to that of the furnace, or if the temperature of the
furnace is reduced by dilution approximately to that of the
chimney. Concentration of heat in the furnace is secured, in
some cases, by special expedients, as by heating the entering
air, or, as in the Siemens gas-furnace, heating both the combus-
tible gases and the supporter of combustion. Detached fire-
brick furnaces have an advantage over the *fireboxes” of
steam-boilers in their higher temperature ; surrounding the fire
with non-conducting and highly heated surfaces is an effective
method of securing more perfect combustion and high furnace-
temperature.

In arranging heating-surface the effort should be to impede
the draught as little as possible, and so to place them that the
circulation of water within the boiler should be free and rapid
at every part reached by the hot gases.

The directions of circulation of water on the one side and
of gas on the other side the sheet should, whenever possible, be
opposite. The cold water should enter where the cooled gases
leave, and the steam should be taken off farthest from that
point. The temperature of chimney-gases has thus been re-
duced by actual experiment to less than 300° Fahr., and an
efficiency equal to 0.75 to 0.80 the theoretical is attainable.

The extent of heating-surface simply, in all of the best
forms of boiler, determines the efficiency, and the disposition
of that surface in such boilers seldom affects it to any great
extent. The area of heating-surface may also be varied within
wide limits without greatly modifying efficiency. A ratio of
25 to I in flue and 30 to 1 in tubular boilers represents the
relative area of heating and grate surfaces in the practice of the
best-known builders. This proportion may be often settled by
exact calculation.

The material of the boiler, as will be shown later, should be
tough and ductile iron, or, better, a soft steel containing only suffi-
cient carbon to insure melting in the crucible or on the hearth
of the melting-furnace, and so little that no danger may exist
of hardening and cracking under the action of sudden and great
changes of temperature.
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Where iron is used it is necessary to select a somewhat
hard but homogeneous and tough quality for the firebox
sheets or any part exposed to flames.

The factor of safety is very often too low. The boiler
should be built strong enough to bear a pressure at least six
times the proposed working-pressure ; as the boiler grows weak
with age, it should be occasionally tested to a pressure far
above the working-pressure, which latter should be reduced
gradually to keep within the bounds of safety. The factor of
safety is seldom more than four in new boilers; and even this
is reduced practically by the operation of the inspection laws.

Effective development of heat is secured primarily by the
selection of good fuel, by which is usually meant fuel which
consists, to the greatest possible extent, of available combusti-
ble material ; but for the purposes of the engineer who designs
the boiler, or of the owner for whom it is to be constructed, the
real criterion of quality is the quantity of heat which the com-
bustible, as burned in the furnace, will yield for any given sum
of money expended in obtaining that heat. The cost of a fuel
to the consumer consists, not simply of money paid for it to
the dealer who supplies it, but also of cost of transportation
and of placing in the grate, of removal of ash, of incidental ex-
penses inseparable from its use, such as injury to boilers and
other property, increased risks, and ‘other such expenses, many
if not most of which are very difficult of determination with
any satisfactory decree of accuracy. Other things being equal,
that fuel which gives the greatest quantity of available heat for
the total money expenditure is that which permits most effec-
tive development in the sense here taken. Effective heat-de-
velopment from any selected fuel is secured, as already stated,
by its complete combustion in such manner as to give the
highest possible temperature.

Effective transfer of heat is secured by such a form of
steam-generator, and such extent and disposition of “heating-
surfaces,” as will most completely utilize the heat developed in
the furnace and flues by causing it to flow, with the least pos-
sible loss, into the water and steam contained within the boiler;
and this is effected by proper arrangement of surfaces absorb-




HISTORY OF THE STEAM-BOILER—ITS STRUCTURE. 15§

ing heat from the gases and yielding it to the liquid as already
generally described.

Effective storage of heat can be secured by providing large
volumes of water and of steam, within which the heat transferred
from the furnace and flues can be stored, and by carefully pro-
tecting the whole heated system from waste by conduction or
radiation to adjacent bodies. Where the demand is steady, and
the supply from the fuel fairly steady also, the amount stored
need not be great, as the use of the reservoir is simply that of
a regulator between furnace and engine or other apparatus re-
ceiving it ; but where either supply or demand is variable, con-
siderable storage capacity may be needed. .

8. Efficient Utilization of Heat is as essential to the satis-
factory working of any system of generation and application of
heat as is efficient production, transfer, and storage. The mode
of attaining maximum efficiency depends upon the nature of
the demand and the method of expenditure ; and the considera-
tion of this subject in detail would be here out of place. In
general it may be said that where the heat and steam are re-
quired for the impulsion of an engine, the higher the safe pres-
sure and the practically attainable temperature at which the
supply is effected, the more efficient the utilization of the heat.
These limits of temperature and pressure are the higher as the
actual working conditions are made the more closely to approxi-
mate to the ideal conditions prescribed by pure science.

Where heating simply, without transformation into work, is
intended, the principal and only very important requisite,
usually, is to provide such thorough protection for the system
-of transfer and use, that no wastes of importance can take place
by radiation or conduction. The character of the steam made,
as to humidity, is in this case comparatively unimportant; but
in the preceding case it will be found essential that it should be
always dry, and it is often much the better for being super-
heated considerably above the boiling-point due to its pressure.

The actual standing of the best steam-engine of the present
time, as an efficient heat-engine, is really very high. The
sources of loss are principally quite apart from the principles of
-design and construction, and even from the operation of the
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machine; and it may be readily shown that, to secure any really
important advance toward theoretical efficiency, a radical change
of our methods must be adopted, and probably that we must

throw aside the heat-engine in all its forms, and substitute for

it some other apparatus by which we may utilize some mode of
motion and of natural energy other than heat.

The very best classes of modern steam-engines very seldom
consume less than two pounds (0.9 kilog.) of coal per horse-

power per hour, and it is a good engine that works regularly

on three pounds (1.37 kilog.).

The firstclass steam-engine, therefore, yields less than 10
per cent.of the work stored up in good fuel, and the average
engine probably utilizes less than 5 per cent. A part of this
loss is unavoidable, being due to natural conditions beyond the
control of human power, while another portion is, to a consid-
erable extent, controllable by the engineer or by the engine-.
driver. Scientific research has shown that the proportion of
heat stored up in any fluid, which may be utilized by perfect
mechanism, must be represented by a fraction, the numerator
of which is the range of temperature of the fluid while doing
useful work, and the denominator of which is the temperature
of the fluid when entering the machine, measured from the
“absolute zero.”

Thus, steam, at a temperature of 320° Fahr., being taken
into a perfect steam-engine, and doing work there until it
is thrown into the condenser at 100° Fahr., would yield
320 — 100
320 + 461
work which it should have received from each pound of fuel.
The proportion  of work that a non-condensing but other-
wise perfect engine, using steam of 75 pounds (5 atmos.) pres-

sure, could utilize would be 322 — 212

320 + 461
the perfect condensing engine would consume two thirds of a
pound (0.3 kilog.) of good coal per hour, the perfect non-con-
densing engine would use 1§ pounds (0.6 kilog.) per hour for
each horse-power developed, the steam being takén into the
engine and exhausted at the temperatures assumed above.

= 0.28 4, or rather more than one fourth of the

= 0.14 = }; and, while
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Also, were it possible to work steam down to the absolute zero
of temperature, the perfect engine would require but o.19
pound (0.09 kilog.) of similar fuel.

It may therefore be stated, with a close approximation to
exactness, that of all the heat derived from the fuel about
seven tenths is lost through the existence of natural conditions
over which man can probably never expect to obtain control,
two tenths are lost through imperfections in our apparatus, and
only one tenth is utilized in even good engines. Boiler and
engine are intended to be included when writing of the steam-
engine- above. In this combination a waste of probably two
tenths at least of the heat derived from the fuel takes place in
the boiler and steam-pipes, on the average, in the best of prac-
tice, and we are therefore only able to anticipate a possible
saving of 0.2 X 0.75 = 0.15, about one sixth of the fuel now
expended in our best class of engines, by improvements in the
machine itself. The best steam-engine, apart from its boiler,
therefore, has 0.85, about five sixths, of the efficiency of a perfect
engine, and the remaining sixth is lost through waste of heat
by radiation and conduction externally, by condensation within
the cylinder, and by friction and other useless work done within
itself. It is toimprovement in these points that inventors must
turn their attention if they would improve upon the best modern
practice by changes in construction.

To attain further economy, after having perfected the
machine in these particulars, they must contrive to use a fluid
which they may work through a wider range of temperature, as
has been attempted in air-engines by raising the upper limit of
temperature, and in binary vapor engines by reaching toward a
lower limit, or by working a fluid from a higher temperature
than is now done down to the lowest possible temperature.
The upper limit is fixed by the heat-resisting power of our
materials of construction, and the lower by the mean tempera-
ture of objects on the surface of earth, being much lower at
some seasons than at others. In tlee boiler the endeavor must
be made to take up all the heat of combustion, sending the
gases into the chimney at as low a temperature as possible,.and

securing in the furnace perfect combustion without excess of
2
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airsupply. The best engines still lack 15 per cent of perfec-
tion, and the best boilers, as an average, over 30 per cent.

9. Safety in Operation is one of the most essential require-
ments which the designer, constructor, and user of steam-boilers
must be prepared to fulfil. As will be seen later, the quantity
of stored heat-energy in the steam-boiler is usually enormous,
and this energy is stored under such conditions that, if set free
by the rupture of the containing vessel, wide-spread disaster
mayensue. This stored energy is atall times ready to instantly
assume the kinetic form when permitted, and by doing mechani.
cal work on all adjacent objects, to produce most extraordinary
effects; it is stored energy of the most perfectly elastic kind, as
well as of high tension. The most absolutely reliable means
known to the engineer must be adopted for the safe and per-
manent control of such magazines of latent power.

Those methods of securing safety which have been found
most satisfactory have been—

(1) The division of the confined energy among compara-
tively small masses of steam and water contained in correspond-
ingly small communicating chambers, so constructed that the
rupture of one will be unlikely to produce fracture of any other.

(2) The adoption of the very best material and of the best
possible construction, and so proportioning all parts exposed to
stress and strain that they may withstand pressures several
times as great as the maximum intended to be carried.

(3) Careful and intelligent operation and preservation.

10. The Appurtenances or Accessories of Steam-
boilers are those attached parts and apparatus which, while
not, strictly speaking, actually essential elements of the struc-
ture specially designated as the boiler, are nevertheless essen-
tial to its safe and economical operation: such as, for example,
safety and other valves, gauge-cocks, feed-pumps, dampers,
grates, and “ settings.”

Safety-valves are automatically self-operating apparatus
which open and permit tht steam to issue from the boiler
whenever the pressure reaches a limit at which they are ar-
ranged to act. Steam-valves are the valves, usually operated
by screws, which, when open, permit the steam to leave the
boiler and pass away through the steam-pipes. Stop-valves area
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variety of valve which may be used to stop the passage of steam
from the boiler: they may be “screw stop-valves,” or simple
valves moved directly by hand. Check-valves, commonly in.
troduced at the junction of the feed-water supply-pipe with
the boiler, are so arranged as to open automatically when the
stream enters, but to close against a return current: they are
sometimes pinned to their seats, when desirable, by a screw, in
which case they are called “screw-checks.” Gauge-cocks are
set at,-and above or below, the intended working water-level
of the boiler, and, when opened, by discharging steam or water,
indicate the actual position of the waterline. Glass water-
gauges are glass tubes set in such manner that the water
stands in a vertical tube at the same height as the water in the
boiler, the top of the glass communicating with the steam-
space, and the lower end with the water-space of the boiler.

11. The Classification of Steam-boilers may be based
upon either a comparison of their forms or of their purpose.
Under the former we have the plain cylindrical, the flue, the
tubular, or the sectional boiler! under the latter, stationary,
locomotive, or marine boilers. For the purposes of this work,
the following may be taken as a satisfactory scheme:

[ Plain cylindrical boilers.
Cornish or single-flue.
Lancashire or two-flue.
Multiflue and return-flue boilers.
Cylindrical fire-tube boilers.
Firebox boilers.

Sectional boilers.
\ Special, as for heating simply.
Common type.
Locomotive . . . % Wooton boilers.
Special devices.
Flue.
Older typesg Flue and tube.
Tubular.

Scotch or drum boilers.

Water-tube and sectional.

Miscellaneous forms.

Stationary . . .-

Marine . . .
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12. The Modern Standard Types of Boiler are becom-
ing rapidly settled in a few well-defined forms which have
been found to be most satisfactory, all things considered, each
in its own special province. These are specified in the list just
presented. But many boilers have become so thoroughly well
adapted to the special work to which they are customarily
applied as to have almost or quite entirely displaced other
forms, which in turn are as generally adopted for other uses.
Thus, where the feed-water supplied to land boilers, in locali-
ties where fuel is cheap, or water bad, and certain to produce
serious incrustation, the plain cylindrical boiler is almost univer-
sally employed; where the fuel is costly and the feed-water
pure, the tubular boiler is as universally adopted ; while inter-
mediate conditions lead to the use of intermediate forms. The
locomotive boiler is standard for its place and purpose, and
no other form has ever yet competed with it in thorough
adaptation to that peculiar case. The high pressures carried
and the necessity of great economy at sea have made the so-
called “Scotch” or “drum” boiler standard in trans-oceanic
steam navigation. Where small area of floor-space and ample
“head-room” are found, the upright cylindrical tubular boiler
is the standard form; if the head-room is less and the floor-
space larger, a modification of the locomotive type finds appli-
cation for stationary purposes. “

13. Mixed Types of boiler are often constructed for special
purposes or experimentally. In the shallow-water navigation
of the United States of- America, as on the Hudson River,
the flue and tube boiler is much used; the locomotive type of
boiler, with fewer and larger tubes than are adopted in locomo-
tive practice, has often found use in stationary practice. Steam-
heating is productive of a great variety of small boilers, of
which the most usual common characteristic is a fuel-magazine
for continuous automatic feeding.

14. Mixed Applications are sometimes required, as where
the same boiler supplies steam for power and for heating pur-
poses. In this case the pressure carried on the boiler is fixed
at the proposed maximum for the engine, and the lower pres-
sures required for the other purpose are secured by the use
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of a “reducing” or “pressure-reducing” valve. The steam-
heating systems of cities often illustrate this case, furnishing
steam, as they do, for heating buildings, for cooking, and to
steam-engines at all parts of the area covered by them.

15. Common Forms of “Shell” Boilers, as those boilers
are called in which the structure consists of an external case
enclosing steam and water, flues and tubes, are the following :

(1) The Plain Cylindrical Boiler consists, as shown in section
(Fig. 15), and in front elevation (Fig. 16), of a simple cylin-

~ P16, 15.—SECTION OF CYLINDRICAL BoILER.

drical vessel, 4, made of boiler-plate, fitted with heads at each
end, B, B, which heads are sometimes of sheet-iron and some-
times of cast-iron. A steam-dome, C, on the upper side,
usually serves as a collector and reservoir for the steam, as it
rises from the water into the steam-space, and serves also as
the point of attachment for the steam-pipe, D D, and safety-
valve, E E, both of which thus take steam from the highest
- and driest part of the interior of the boiler.

The fire is built in the detached furnace, # F, the products
of combustion passing under the boiler to the rear, at G, where
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a flue leads off to the chimney. The “setting” consists of
side-walls and ends, A H, of brick, and a covering, 7/ /, which
is often merely a filling of ashes or other non-conductor, or an
arch of brickwork carried over from the side-walls. “ Binders,””
K K, and rods, L L, tie the whole together, and resist any
change of form due to variations of temperature. The grate:

F1G. 16.—FroNT or CyLINDRICAL BoILER AND SETTING.

M M, are supported at the rear by the bridge-wall, VN, of
which the upper part is usually built of fire-brick. The rear
end of the boiler is often carried on rollers, to prevent danger of
injury with the changes of form due to variations of tempera-
ture such as are produced by the introduction of cold feed-
water.

(2) The Cylindrical Flue Boiler (Fig. 17) is a plain cylinder,
like the preceding form, but with one or more flues passing
through it from end to end. The setting is usually quite
similar to that of the plain cylinder, except as necessarily
modified to meet the requirements of the flue. The shell is
generally shorter than that of the first-described boiler, the
heating-surface considerably greater.
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(3) The Cylindrical Tubular Boiler is shown in one of the
best forms in Fig. 18. It consists of a cylindrical shell con-

F16. 17.—CvrinDRicAL FLUR BoILER.

structed much as in Fig. 15, with a set of tubes carried from
end to end, and set as closely as is practicable without inter-
fering too seriously with the circulation of the water within it.

F1G. 18.—CvLinDRICAL TUBULAR BoiLER.

The peculiar feature of the illustration is the introduction of
the very large single sheet which is seen to make the whole
lower two thirds or more of the shell; this construction pre-
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venting the fire reaching seams and riveting, as occurs in the

usual construction.

F16. 19.—CvLINDRICAL TUBULAR BOILER AND SETTING.

The setting of this kind of boiler is shown in Figs. 1; and
20. The weight of the boiler is here taken by *“lugs” on each

F1G. 20,.—SkcTiOoN or TuBuLAk BoiLER
AND SETTING.

side and by them transferred to the
brickwork of the setting. In other
cases the boiler is suspended from
girders crossing the structure later-
ally; and the suspension-rods carry-
ing the boiler are sometimes allowed
vertical play, under the action of
expansion and contraction of the
whole system, by the introduction
of springs of rubber or steel, thus
permitting very uniform distribu-
tion of the weight at all times. In
many cases the gases, instead of
being carried over the boiler to the
chimney, as shown in Fig. 1_, are

taken directly to the chimney from the front of the boiler, as
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in Fig. 16. It is not always thought safe to expose the top
and steam spaces of the boiler to the heat of the escaping
gases; but the practice is not an uncommon one, even with
reputable builders. The air-spaces in Fig. 20, at either side
in the walls of the setting, give an additional protection from
loss of heat, and a certain amount of elasticity of setting. This
is the most common of all forms of steam-boiler.

Fi1G. 21.—F1reBox TuBULAR BOILER.

(4) The Firebox Flue Boilei is so made in order that
the whole may become “self-contained,” and brickwork dis-
pensed with. Adding the fircbox to the tubular (Fig. 21),
forms the locomotive type of
boiler. In stationary boilers,
however, the tubes are, as a
rule, larger and less numerous
than in the locomotive boiler.
These boilers require no set-
ting or connections other than
the parts nceded to connect .
them with the chimney-flue. '
This arrangement is seen in Fig. 22. The advantages of this
type are the low cost of installation, the more complete ac-

F1G. 22.—FireBox BOILER SETTING.
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cessibility of the exterior for inspection and repair, the reduc-
tion of floor-space occupied, and the portability of the boiler.

FiG. 23.—Tue UPRIGHT BOILER. FiG. u:—UP;IGH?;fU;uun
BoiLEr.

(5) The Upright Boiler is usually a firebox tubular boiler,
designed to stand vertically, as in Fig. 23, and to occupy mini-

F1G. 25.—BATTERY OF BoiLErs,

The above cut represents a pair of Cornish boilers set in brick-work, connected so as to be
worked either together or separately.

mum floor-space. Its construction at the upper end is often such
as to permit the upper extremities of the tubes to be kept be-
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low the water-line. In many cases, however, the tubes are carried
directly through to the upper head, as is seen in Fig. 24. This
figure also exhibits the method of attaching gauges and safety-
valves. One of the best modern varieties of this boiler is that
of Manning, which is much used with good waters. A drawing
and description will be found in the Appendix.
16. A ‘ Battery” of Boilers (Fig. 23)
consists of two or more, placed side by side,
the total power demanded being greater than
it is considered advisable to construct a single
boiler to supply. In such cases it is usually
important that they should be so set and con-
nected that either or any of them may be
operated separately. To secure this result,
the connections with the feed and steam-pipes
must be so made that it may be perfectly
practicable to put the feed on either or any
Fic. 26.—Urmicnr Bowss Of the boilers in the battery, and to take steam
wrri Fimeo Tusss. from either or any. Each should have its
own separate safety-valve, check-valve, and steam-gauge.
An upright boiler fitted with “ Field tubes” is shown in Fig.
26. The internal, cir-
culating, tubes project
slightly above the
crown-sheet, and are
carried down inside the
main tube, nearly to
the closed lower end.
The water enters the
centre -tube, flows out
at its lower end, and
rises in the outer tube Fro. 27.—Locouorve BorLzx.
—on all sides the smaller one—issuing above the crown-sheet into-
the general body of water, and there discharging the accompany-
ing steam which had been made during the period of circulation.
17. The Locomotive Boiler is always given a form sub-
stantially as represented in Fig. 27, and consists of a’firebox
of rectangular form, attached to a cylindrical shell closely filled
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‘with fire-tubes, through which the gases pass directly to the
smoke-stack. Strength, compactness, great steaming capacity,
fair economy, moderate cost, and convenience of combination
‘with the running parts, are secured by the adoption of this
form. It is frequently used also for portable and stationary
engines. It was invented in France by M. Séguin, and in
England by Booth, and used by George Stephenson at about:
the same time—1828 or 1829.

Fi1G. 28.—Tur LocomoTive. Section.

This form of steam-boiler has been found to lend itself with
peculiar handiness to the special requirements of locomotive
construction, and its use is universal for this purpose.

18. The ‘“Marine” Boilers are often of very different
form from those used on land. They have assumed their
present forms after many years of experience and slow adapta-
tion to the, special conditions by which they are controlled.
When steam-pressures . were customarily low, the controlling
condition was the form of the vessel, and boilers were given
such shapes as would permit of their being compactly stowed
on board ship; in the later days of very high pressure which
have followed the introduction of the surface-condenser, and
of high expansion, the form of the steam-generator is deter-
mined mainly by the demand for their safe operation.

Fig. 29 shows one of the types of boiler in most common
use on the steamers generally seen on the Eastern American
rivers, and on the coast, before the period of high steam and
great economy had opened.
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It is known as the “Return-flue” boiler, the flame and
gases from the furnace passing back to the “back-connection”
through one set of flues, usually of 10 to 20 or even 24 inches.
in diameter, and thence to the ‘front-connection” over the
furnace, and to the “ uptake,” and chimney or “smokestack,”
by a set of flues of, as a rule, smaller size and larger number.
This is seen to be a “ firebox boiler, no brickwork setting being
admissible on shipboard.

FiG. 29.--FLuEs AND RETURN-TUBES.

Surrounding the chimney uptake is a reservoir, called the
“ steam-chimney,” which answers the double purpose of a.
steam-dome and a drier, or “superheater,” in which the steam
may part with its suspended water, and often become heated
above the temperature of saturation by the heat from the
chimney gases. An elaborate system of bracing and staying
is required for a boiler of this type. The sketch (Fig. 29)
shows one of a pair of boilers arranged to discharge their flue
gases into a common chimney.

An effort tv secure increased steaming capacity and
economy in this boiler resulted in the production of the boiler
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'with direct flues and return-tubes, the latter being usually from
three to five inches in diameter. This represents the later
type, and one which is still very often used on paddle-steamers
on Long Island Sound and on the rivers connected with that
system of water communication.

Fig. 30 illustrates a still more
advanced type, the marine tubular
boiler, extensively used in naval
and other sea-going steamers, car-
rying from twenty-five to forty
pounds steam-pressure. The fur-
nace discharges its gases directly
into the back-connection, whence
they pass forward into the front

FiG. 30— Marinx TusuLar Boner.  connection and stack through a
set of tubes, which are commonly
2} to 3% inches in diameter. This arrangement gives a
very compact, well-proportioned boiler, comparatively easy
of calculation and construction, and especially convenient in
bracing and staying. Several furnaces can in this boiler be
conveniently placed side by side and connected to a common
uptake.
19. The Marine Water-tube Boiler (Fig. 31) represents
a type which has been often proposed for use at sea, but which
has never succeeded in finding its way into common use.

F1G. 31.—MARINE WATER-TUBE BoILER.

Lord Dundonald in Great Britain and James Montgomery
in the United States introduced boilers of the water-tube
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type before the middle of the century, and the form here il-
lustrated, as originally designed by Mr. Martin of the U. S.
Navy, was very extensively employed on the vessels of the
navy during the Civil War. In these boilers the gases pass
from the back-connection to the front through a “tube-box”
placed in the water-space of the boiler, which tube-box con.
tains a large number of vertical tubes within which the water
circulates from the lower to the upper side, while the gases
pass among and around the tubes.

These boilers were found by Isherwood to give a somewhat
larger steaming capacity and greater economy also than the
corresponding boiler of the fire-tube type; but the difficulty
of repairing leaky tubes and incidental disadvantages, as well
as their greater cost, prevented their permanent adoption in
either the navy or the merchant service.

20. The Scotch or Drum Boiler (Fig. 32) is the outcome
of the attempt to secure a safe form of boiler for high pres-

F1G. 33.~Scorc or Drum BoiLEr.

-sures, and it has, very naturally, assumed the cylindrical form
of shell, while retaining the general disposition of furnace and
tubes illustrated in the last-described fire-tube boiler. The
furnaces are large, set in very thick flues; the grates are set in
them at very nearly the horizontal diametrical line, and, in the
-case illustrated, the boiler is “double-ended.” Heavy stay-
rods, connecting the two ends, make the heads capable of
safely carrying their enormous loads. These boilers often
«carry 100 and 150 pounds pressure, and sometimes even more,
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and are built of between 10 and 20 feet diameter, and of iron
or steel from § to 1} inches in thickness.

Fig. 33 exhibits the method of setting and of connection
of these boilers, as customarily practised where “ single-ended,”
i.e., with the furnaces at one end only, as here seen. Either
or any of these boilers, as so set, may be used or repaired sep-
arately if necessary.

For small powers these boilers are often given the form and
structure shown in Fig. 31, which represents a boiler designed
for a small yacht or a torpedo-boat; it is three or four feet in

F1G. 33.—SETTING AND CONNECTION OF SCOTCH BOILERS.

diameter and four to six feet long, and is calculated for from
five to ten or twelve horse-power.

21. Sectional Boilers are all constructed to meet the con-
ditions and requirements so well stated by Col. Stevens in his
specification for his British patent of 1803, in which he says
that, to derive advantage from his principle, “it is absolutely
necessary that the vessel or vessels for generating steam should
have strength sufficient to withstand the great pressure from an
increase of elasticity in the steam; but this [total] pressure is
increased or diminished in proportion to the capacity of the




HISTORY OF THE STEAM-BOILER—ITS STRUCTURE. 33

containing vessel. The principle, then, of this invention con-
sists in forming a boiler by means of a system or combination
of a number of small vessels, instead of using, as in the usual
mode, one large one; the relative strength of the materials of
which these vessels are composed increasing in proportion to
the diminution in capacity.”

F1G. 34.—MARINE BOILER OF SMALL POWER,

Stevens’ boilers were of two kinds: the one that shown in
Fig. 10; the other, and that specifically shown in the patent,
consisting of systems of small tubes grouped in circular con-
centric rows, and connected at each end by annular heads and
rhambers of sufficiently small capacity to be safe, while still
large enough to permit good circulation.

The boiler adopted in Gurney’s steam-carriage (Fig. 11) is a
later type, which has been more than once since reproduced;
and nearly all recent, familiar, forms of the sectional boiler are

3 .
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constructed of systems of tubes united at the ends, and with
the feed-apparatus, steam-drum, and mud-drum, by what are
known as “headers,” through which the general circulation is
secured. In some cases the boiler has been made wholly or
partly of cast-iron, as the early Babcock & Wilcox (Fig. 35),
which consisted of a system of horizontal cast-iron tubes serv-
ing both as water connections and
as steam-chambers, and a second
system of tubes set at a considera-
_ ble inclination from the horizontal,

the two sets united by headers.

The Babcock & Wilcox Boiler,
in the latest and best form, how-
ever (Fig. 36), is wholly of wrought-
iron or steel. The same general

Fuc. 35.—Chsmxon SECioNAL Boran, arrangement of tubes is preserved;

et " but the upper part of the construc-
tion consists of one or more steam and water drums of com-
paratively large diameter. These are away from the fire, and
cannot be reached by the gases until they are cooled down to
a safe temperature by passing through the lower system of

F1G. 36.—BaBcock & WiLcox BoiLzr.

heating surfaces, the inclined tubes. The waterline in the
drum is carried at about its middle, and a dry-pipe, seen at the
top, carries off the steam made. The joints are all “milled,”
and so nicely fitted that no practicable pressure can cause leak-

=
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age. The course of the furnace-gases and the water-circulation
can be readily traced in the drawing.

The Root Boiler is shown in Fig. 37, differing from the pre-
ceding in the arrangement of tubes and their connection. The
form of header is peculiar, and cannot be seen; but the general
construction is well shown in the engraving. In various
designs, as made at different times and for various purposes,
the construction has been somewhat modified, and the location
size, and number of steam-drums has been varied. The tubes
are four or five inches in diameter, and usually eight or ten
feet long.

F1c. 37.—THE RooT BOILER.

Mr. Root made successful formss of water-tube boiler at
a very early date and particularly studied the forms of
s“headers” connecting the ¢ faggot” of inclined tubes, one
with another, and all with the steam- and water-drums.

The Harrison Boiler (Fig. 38) consists of an aggregation of
spheres, of cast-iron, or steel as now made, connected by
“ necks” of somewhat smaller diameter. These spheres are
8 inches in diameter, § inch thick, capable of sustaining a pres.
sure exceeding 100 atmospheres, and are set in clusters, as
shown in the sketch; they are fitted together with faced joints,
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and secured by long bolts passing from end to end of each row.
These boilers are intended to be so proportioned that a pres-
sure far less than that which would produce rupture will
stretch the bolts, thus allowing each joint to act as a safety--

FiG. 38.—THE HARRISON BOILER.

valve. The three types of boiler which have just been de-
scribed, and their various modifications are the most common
and familiar forms of sectional boiler in use.

The Allen Boiler, also, has only been constructed ex-
perimentally, and has never come into the general market; but.
experiments made upon it, under the direction of a committee:
of the American Institute, in 1871, and under the immediate
direction of the Author, its chairman, gave excellent results,
both in steaming capacity and ‘'economy. In this boiler the
tubes are suspended by one end, the lower end being closed, as.
in what is known as the Field system. The inclination of the
tubes 30° from the vertical was found by experiment to be best..

The Heine Boiler (Fig. 39) consists of a steam- and water-
drum with a nest of water-tubes below it and usually parallel
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with the axis of the drum. The connections of tubes and
drum are, as seen in the figure, closely-stayed water-legs. The
whole is set with the axial line slightly inclined and with the
water-line near the middle of the drum. The stay-bolts are
hollow, the opening into the shell from the waterleg is

F16. 39.—THE HEINE BOILER.

strengthened by suitable bracing. The heads are dished and
no braces are then needed. The whole is set at a slight angle
from the horizontal, as shown, to permit a special arrangement
of steam and water spaces. The course of the gases is indi-
cated by the arrows. (See Appendix.)

Fairbairn has remarked that “ danger in the use of high-
pressure steam does not consist in the intensity of the pressure
to which the steam is raised, but in the character and construc-
tion of the vessel which contains the dangerous element;” and
this remark may be taken, like the propositions of Col. John
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Stevens, as part of the basis of the philosophy of construction
of “sectional ”’ boilers.

" 22. Marine Sectional Boilers have not as yet come into
general use, although many attempts have been made to in-
troduce them. The first boiler built by John Stevens was
intended for use in a small steam-vessel; and in 1825 or 1826
Robert L. Thurston and John Babcock, then ¢f Portsmouth,
and later of Providence, R. 1., built boilers of this class, con-
sisting of coils of pipe within-which the water and steam were
contained, the fire and furnace gases passing around outside
them. Modifications of the Root boiler, known as the Belle-
ville, and others, have been used with success by French build-
ers of marine machinery; and the Babcock & Wilcox Co. have
produced a marine boiler like that shown in Fig. 40, a com-
bination of water-tubes below with fire-tubes and steam-space
above, which is considered a good form for use at sea.

The necessity of using a brick-work setting has prevented
- the introduction of the common
forms at sea. Many designs are
appearing constantly, and it is
probably only a question of time,
when, with continually rising
steam-pressures, the older forms
will be displaced by these modern
and safer types.

23. The Dates of Introduc-
tion of the principal devices no-
ticed in modern boilers have been

FiG. 40.—Bascock & WiLcox MARINE given b.y HaSWE?l!, who describes
Boier. the various familiar forms as in-

cluding the dry-bridge and combustion-chamber of Wright
(1756), Dorrance (1845) and Baker (1846); the dead-plate of
Watt (1785); the water-bridge of Crampton (1842) and Mills
(1851); the air-bridge of Slater (1831); the horizontal fire-tube
of Bolton (1780), of Ericsson (1828), Seguin and Booth (1829),
and of Hawthorne (1839) and Glasson (1852); the vertical fire-
tube of Rumsey (1788); the water-bottom of Allen (1730) and
Fraser (1827); the vertical water-leg of Stephens and Hardley
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(1748), Napier (1842) and Dundonald (1843); the steam-drum
of John Stevens (1803); the superheaters of Hately (1768), of
English (1809) and Allaire (who used a tall steam-chimney in
1827).

The hanging bridge of Johnson (1818), the cylindrical
return-flue boiler of Napier (1831), the cold-air supply above the
fire, as by Thompson (1796), by Robertson (1800), Arnott
(1821), and by Williams (1839), are also, he states, features of
the modern boiler.*

The water-tube boiler is now built in great variety, and some
of the current, marine, types are illustrated in the Appendix, as
constructed by a number of well-known builders. Boilers of this
class are still largely in the experimental stage, in marine work.

24. Peculiar and Special Forms of Boiler are met with
in all departments. Some of these are considerably employed,
and in many cases possess special features of advantage. The

FiG. 41.—THE GALLowAY BOILER.

Galloway boiler (Figs. 41, 42) is one of the best known and suc-
cessful modifications of the cylindrical flue-boiler. Its special
feature is the conical stay-tube, which is used to increase the
heating-surface and to strengthen the flue, without making the
heating-surface difficult of access. Large numbers of these
boilers have been built and used since about 1860 in Great
Britain, and some have been constructed in the United
States.

#* Trans. British Institution of Naval Architects, 1877.
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The exterior is a plain cylindrical shell, within which are
two cylindrical furnaces which unite in one flue, having parallel

FiG. 43.—GALLOWAY BOILER.

curved top and bottom, struck from a centre below the boiler.

In this flue are the conical
water-tubes, each 10% inches di-
ameter at the top and 5% inches
diameter at the bottom, fixed in
a radial position and perpen-
dicular to the top and bottom
so as to support and brace the
flue and to intercept and break
up the heated gases in their pas-
sage from the furnaces. Along
the sides of the flue there are

F16. 43.—~UpriGHT FLux-BOILER,

' F16. 44.~FIre-eNGINE BOILER,
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several wrought-iron pockets, or * bafflers,”” which deflect the
currents and cause them to impinge against the tubes the
end pocket providing for necessary expansion and contraction.
After leaving this flue the gases pass along the sides of the
shell to the front end, thence back again under the centre of
the boiler to the chimney.

A simple form of upright flue-boiler, for heating purposes
and where small power is required, is seen in Fig. 43. It is
.of simple design, and easy of access for repair.

A steam fire-engine boiler (Fig. 44), as built by the Silsby

FiG. 45.—HERRESHOFF'Ss BOILER.

Co. illustrates the use of the Field tubes, pendent from the
crown-sheet of the furnace: these are water-tubes, but the
gases pass up through the boiler in a set of fire-tubes seen con-
necting the crown-sheet with the top of the boiler. This makes
an exceedingly compact, powerful, and light steam-boiler.
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The Herreshoff boiler (Fig. 45), as constructed for fast
yachts and torpedo-boats, consists of a cone-shaped double
coil of continuous wrought-iron pipe, five feet to five and a
half feet in diameter, covered by a disk made up of a coil of
smaller pipe. The feed-water passes through the latter, and
downward through the boiler, inside, and then upward again,
through the outside coil, finally passing to the separator,
whence the steam passes off to the engine, after circulating
through the three top-coils of pipe which forms a super-
heater, drying and superheating the steam en route. The
water separated from the steam is driven back into the boiler,
with the feed-water, by the feed and circulating pumps. The
steam-pipe used in making up the boiler is lap-welded, and
from 1} to 2§ inches in diameter outside, and % inch in thick-
ness. This boiler, as built for the yacht Leila, contained 22
cubic feet of steam and water space, of which about one third
was steam-space; it had 485 square feet of heating-surface,
44 feet of superheating area, or 18.7 feet of heating-surface,
and 1.7 feet of superheating surface, per square foot of grate,
these areas being measured on-the exterior of the tubes. . The
boiler developed 75 to 80 horse-power. The separator is ob-
viously an essential feature of the system.

25. Problems in Steam-boiler Design and Construction
are among the most interesting, as well as important, which
arise in the practice of the engineer. These problems may,
and usually do, take many distinct forms. It is almost invari-
ably the fact that the quantity of steam to be obtained is
specified either as a certain weight of water to be evaporated
and an equal weight of steam to be furnished; or a stated
amount of power is to be given through a specified form and
size of engine, the probable efficiency of which is known or as-
certainable; or a stated volume of building, having a known
exposure, is to be heated. In such cases the problem presented
is to supply the steam so demanded at a minimum total cost,
using a type of boiler to be selected with reference to the:
special conditions of location and use.

It is often necessary, when dealing with a large “ plant,” to-
determine how many boilers should be employed, or to what
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extent the steam made should be divided up among them:
whether a larger number of small boilers should be built or
fewer large boilers. The selection of the best type for a speci-
fied location is an exceedingly common duty of the engineer.
To secure the supply of a given quantity of steam with abso-
lute safety, or with reasonable minimum risk, is another such
problem. The usual case demands the production, with cer-
tainty and with safety to life and property, of a stated weight
of steam, day by day, for long periods of time, at minimum
average total expense for the whole period of life of the
boilers. ,

Problems in construction, arising in connection with the
design and application of steam-generators, are mainly related
to the best methods of putting together the parts of a boiler
of which the design has been made, and involve the continual
application of a good knowledge of the nature and uses of the
materials used, and especially of the facts and principles gov-
erning the strength of materials, of parts, and of the structure as
a whole. The selection of the best form of joint is a problem
in the design of the boiler; but the determination of the best
method of making that joint is a problem in construction.
Such are all questions relating to the actual performance of
work in the shop, the use of tools in the work of building the
boiler, and the comparison of methods.

26. Problems in the Use of Steam-boilers are not less
important and difficult of solution, often, than those which.
arise in the production of the design or in its construction.
How to obtain a maximum quantity of steam; how to secure
dryness and uniformity of quality; how to prolong the life of
the structure; and how to effect its preservation most effec-
tively, at least cost in time, money, or loss of use—are only a
few examples of the many problems that continually present
themselves for immediate solution while the boiler is in ser-
vice.

27. The General Method of Solution of Problems in
Design is to study the case very carefully in the light of all
information that can be gained relating to the special conditions
affecting it, and then, by comparison of the results of experi-
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-ence with various boilers under as nearly as may be similar
conditions, determining the best form for the case in hand.
‘The designing engineer next endeavors to effect such improve-
ment as his own talent and experience may enable him to
originate, with a view to the most perfect possible adaptation
of the design to its purposes. He next settles the general pro-
portions, the forms of details, and finally the absolute dimen-
sions and exact proportions. So much being done, he is pre-
pared to make a preliminary study, which deliberately made
alterations may convert into a finally complete design.

Where boilers are to supply steam to non-condensing en-
gines, or where much steam is needed for simple heating or
drying, the designer should endeavor to so proportion and plan
his “plant” as to utilize exhaust-steam as much as is economi-
cally practicable. By such a system, enormous economies are
often secured; as, for example, where steam and power are to
be utilized in oil-refining or other chemical engineering. A
saving of one half the total fuel, of some 32,000 tons per annum,
has thus been effected by reconstruction of such an establish-
ment.* '

* C. E. Emery in Trans. A. S. M. E., 189s.




CHAPTER 1L

MATERIALS—STRENGTH OF MATERIALS AND OF THE STRUC-
TURE.

28. The Quality of the Materia!s used in the construc-
tion of steam-boilers must obviously be very carefully consid-
.ered. Not only is the steam-boiler expected to bear great
strains and high pressures, but the terrible consequences which
are liable to follow its rupture make it important that it should
sustain its load and do its work with the most absolute safety
attainable. The structure is exposed to greater variety of con-
ditions tending to weaken it and to shorten its life than any
other apparatus familiar to the engineer; and the results of its
failure are more certain to be disastrous to human life, as well
as to property. All parts of the boiler are, while under heavy
stress, exposed to continually changing temperatures, with,
usually, occasional variations extending over two hundred or
more degrees Fahrenheit. Nearly every part is liable to cor-
rosion, often of a kind which is the more dangerous because
very difficult to detect or to gauge. The boiler is very liable
to be subjected to peculiarly severe stresses due to accidental
circumstances and to excessive steam-pressure or to deficiency
of water.

The material needed for the purposes of the boiler-maker
should for all these reasons be as strong, tough, and ductile
as it can possibly be made. Of these qualities it is evident
that ductility, capability of bearing violent alteration of form
without fracture, is even more vitally essential than strength.
A lack of tenacity can be met by using more metal, but noth-
ing can make amends for brittleness. Good boiler-plate must
possess great strength, and must combine with it great ductil-
ity—must have high elastic and total “ resilience,” as such a
combination is termed.
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The various parts of the boiler require their material to
exhibit somewhat different special qualities: tubes must be
tough enough to bear the “upsetting” action of the “ex-
pander” by which they are secured in the tube-sheets, and yet
must be hard enough to sustain reasonably well the abrading
effect of cinder-laden currents of gas; flue-sheets and especially
furnace-sheets must be hard, and capable of resisting both the
mechanical wear and the corrosive action of the furnace-gases
and their burden of coal, ash, and cinder, and must at the same
time sustain safely the continual variation of temperature to
which they are subjected by the alternate impact of flame and
. of cold air as the fires are worked. The “shell” of the boiler
is less affected by such stresses; but it nevertheless must meet
*with a greater variety of loading, in a greater number of direc-
tions, than perhaps any other known iron structure; every
change of pressure within it, every alteration of temperature,
every rise or fall of the water-line, produces a variation of the
amount and direction of the stresses to which its metal and
joints are exposed. Great tenacity combined with ductility is
the essential characteristic of all material used in the construc-
tion of steam-boilers.

29. The Principles Relating to the Strength of Mate-
rials of construction,* and other qualities useful in resisting
the strains to which steam-boilers are subject, are very simple
and, in the main, well established.

The Resistance of Metal to rupture may be brought into
play by either of several methods of stress, which have been
thus divided by the Author:

Tensile : resisting pulling force.

Longitudinal . . . Compression : resisting crushing force.

Shearing : resisting cutting across.
Transverse . . . . { Bending : resisting cross breaking.
Torsional : resisting twisting stress.

When a load is applied to any part of a structure or of a
machine it causes a change of form, which may be very slight,

* Abridged and adapted from Part II., Chapter IX., *‘ Materials of Engineer-
ing,” by the Author.



MATERIALS—STRENGTH OF THE STRUCTURE. 47

but which always takes place, however small the load. This
change of form is resisted by the internal molecular forces of
the piece, i.e., by its cohesion. The change of form thus pro-
duced is called strasn, and the acting force is a szress.

The Ultimate Strength of a piece is the maximum resist-
ance under load—the greatest stress that can exist before rup-
ture. The Proof Strength is the load applied to determine the
value of the material tested when it is not intended that ob-
servable deformation shall take place. It is usually equal, or
nearly so, to the maximum elastic resistance of the piece. It
is sometimes said that this load, long continued, will produce
fracture; but, as will be seen hereafter, this is not necessarily,
even if ever, true.

The Working Load is that which the piece is proportioned
to bear. It is the load carried in ordinary working, and is
usually less than the proof load, and is always some fraction,
determined by circumstances, of the ultimate strength.

A Dead Load is applied without shock, and once applied
remains unchanged, as, e.g., the weight of a bridge; it produces
a uniform stress. A Live Load is applied suddenly, and may
produce a variable stress, as, e.g., by the passage of a railway
train over a bridge.

The Distortion of the strained piece is related to the load
in a manner best indicated by strain-diagrams. Its value as
a factor of the measure of shock-resisting power, or of resilience,
is exhibited in a later article. It also has importance as indi-
cating the ductile qualities of the metal.

The Reduction of Area of Section under a breaking load is
similarly indicative of the ductility of the material, and is to
be noted in conjunction with the distortion.

E.g., a considerable reduction of section with a smaller pro-
portional extension would indicate a lack of homogeneousness,
and that the piece had broken at the soft part of the bar.
The greater the extension in proportion to the reduction
of area in tension, the more uniform the character of the
metal. :

Factors of Safety—The ultimate strength, or maximum
capacity for resisting stress, has a ratio to the maximum stress
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due to the working load, which, although less in metal than in
wooden or stone structures, is nevertheless made of consider-
able magnitude in many cases. It is much greater under mov-
ing than under steady “ dead " loads, and varies with the char-
acter of the material used. For machinery it is usually 6 or 8;
for structures erected by the civil engineer, from 4 to 6. The
following may be taken as minimum values of this “factor of
safety” for the metals:

Loap.
MATERIAL. SHock.
Dead. I Live.
Iron and steel, copper and Ratio of ultimate
other soft metals......... 5 8 10 4 strength to
The brittle metals and alloys 4 7 10 to I§ working load.

The Proof Strength usually exceeds the working load from
50 per cent with tough metals, to 200 or 300 per cent where
brittle materials are used. It should usually be below the elas-
tic limit of the material.

As this limit, with brittle materials, is often nearly equal to
their ultimate strength, a set of factors of safety, based on the
elastic limit, would differ much from those above given for
ductile metals, but would.- be about the same for all brittle ma-
terials, thus:

Loab.

MATERIAL. SHock.
Dead. Live.

Ratio of elastic
6 Resistance to
8to 12 working load.

Ferrous and soft metals....
Brittle metals and alloys...

w8
(=2

The figure given for shock is to be taken as approximate,
but used only when it is not practicable to calculate the energy
of impact and the resilience of the piece meeting it, and thus.
to make an exact calculation of proportions.

The Measure of Resistance to Stratn is determined in form
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by the character of the stress. By stress is here understood
the force exerted, and by strain the change of form produced
by it. ’

Tenacity is resistance to a pulling stress, and is measured
by the resistance of a section, one unit in area, as in pounds
or tons on the square inch, or in kilogrammes per square cen-
timetre or square millimetre. Then if 7 represents the te-
nacity and X is the section resisting rupture, the total load
that can be sustained is, as a maximum,

P=TK. . . . .. ...

Compression is similarly measured, and if C be the maxi-
mum resistance to crushing per unit of area, and X the section,
the maximum load will be

P=CK . . . .. ... (@

Shearing is resisted by forces expressed in the same way,
and the maximum shearing stress borne by any section is’

P=SK. . .. ... .3

Bending Stresses are measured by moments expressed by
the product of the bending effort into its lever-arm about the
section strained, and if P is the resultant load, / the leverarm,
and M the moment of resistance of the section considered,

P=M .. ... ... @

Zorsional Stresses are also measured by the moment of the
stress exerted, and the quantity of attacking and resisting mo-
ments is expressed as in the last case.

Elasticsty is measured by the longitudinal force, which, act-
ing on a unit of area of the resisting section, if elasticity were
to remain unimpaired, would extend the piece to double its
original length. Within the limit at which elasticity is unim-
paired, the variation of length is proportional to the force act-
ing, and if £ is the “ Modulus of Elasticsty,” or “ Young’'s Mod-

4
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ulus,” / the length, and ¢ the extension, P being the total load,
and K the section,

The Coefficients entering into these several expressions for
resistance of materials are often called Moduli, and the forms
of the expressions in which they appear are deduced by the

Theory of the Resistance of Materials, and the processes are -

given in detail in works on that subject.

These moduli or coefficients, as will be seen, have values
which are rarely the same in any two cases; but vary not only
with the kind of material, but with every variation, in the same
substance, of structure, size, form, age, chemical composition
or physical character, with every change of temperature, and
even with the rate of distortion and method of action of the
distorting force. Values for each familiar material, for a wide
range of conditions, will be given in the following pages.

When a piece of metal is subjected to stress exceeding its
power of resistance for the moment, and gradually increasing
up to the limit at which rupture takes place, it yields and be-
comes distorted at a rate which has a definitely variable rela-
tion to the magnitude of the distorting force; this relation, al.
though very similar for all metals of any one kind, differs
greatly for different metals, and is subject to observable altera-
tion by every measurable difference in chemical composition or
in physical structure.

Thus in Fig. 46 let thls operation be represented by the
several curves a, 4, ¢, d, etc., the elevation of any point on the
curve above the axis of abscissas, OX, being made proportional
to the resistance to distortion of the piece, and to the equiva-
lent distorting stress, at the instant when its distance from the
left side of the diagram, or the axis of ordinates, O¥, measures
the coincident distortion. As drawn, the strain-diagram, a a’,
is such as would be made by a soft metal like tin or lead; & &
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represents a harder, and ¢ ¢’ a still harder and stronger metal,
as zinc and rolled copper. If the smallest divisions measure
the per cent of extension horizontally, and 10,000 pounds per
square inch (703 kilogrammes per square centimetre) vertically,
d d’ would fairly represent a hard iron, or a puddled or a
“mild” steel; while f /" and g g’ would be strain-diagrams of
hard and of very hard tool steels, respectively.

The points marked e, ¢, ¢”, etc., are the so-called “elastic
Jimats,” at which the rate of distortions more or less suddenly
changes, and the elevation becomes more nearly equal to the
permanent change of form, and at these points the resistance
to further change increases much more slowly than before.

F1G. 46.—STRAIN-DIAGRAMS,

‘This change of rate in increase in resistance continues until a
maximum is reached, and, passing that point, the piece either
breaks, as at /" and g’, or yields more and more easily until dis-
tortion ceases, or until fracture takes place, and it becomes zero
at the base-line, as at X.

Such curves have been called by the Author “ Strain-dia-
grams.”

If at any moment the stress producing distortion is relaxed,
the piece recoils and continues this reversed distortion until,
all load being taken off, the recoil ceases and the piece takes
its “permanent set.” This change is shown in the figure at
S S, the gradual reduction of load and coincident partial res-
toration of shape being represented by a succession of points
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forming the line /' £, each of which points has a position
which is determined by the elastic resistance of the piece as
now altered by the strain to which it has been subjected. The
distance O f’ measures the permanent set, and the distance
S’ f" measures the recoil.

The piece now has qualities which are quite different from
those which distinguished it originally, and it may be regarded
as a new specimen and as quite a different metal. Its strain-
diagram now has its origin at f”, and the piece being once
more strained, its behavior will be represented by the curve
f' f' e f, acurve which often bears little resemblance to the
original diagram O, f, /. The new diagram shows an elastic
limit at ¢, and very much higher than the original limit 7.
Had this experiment been performed at any other point along
the line £ £, the same result would have followed. It thus be-
comes evident that the strain-diagram is a curve of elastic
limits, each point being at once representative of the resistance
of the piece in a certain condition of distortion, and of its
elastic limit as then strained.

. The ductile, non-ferrous metals, and iron and steel and the
truly elastic substances, have this in common—that the effect
of strain is to produce a change in the mode of resistance to
stress, which results in the latter in the production of a new
and elevated elastic limit, and in the former in the introduction
of such a limit where none was observable before.

It becomes necessary to distinguish these elastic limits in
describing the behavior of strained metals, and, as will be seen
subsequently, the elastic limits here described are under some
conditions altered by strain, and we thus have another form of
elastic limit to be defined by a special term.

In this work the original elastic limit of the piece in its or-
dinary state, as at ¢, ¢/, ¢/, etc., will be called either the Origi-
nal or the Primitive, Elastic Limit, and the elastic limit cor-
responding to any point in the strain-diagram produced by
gradyal, unintermitted strain will be called the Normal Elastic
Limit for the given strain. It is seen that the diagram repre-
senting this kind of strain is a Curve of Normal Elastic Limits.

The elastic limit is often said to be that point at which a
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permanent set takes place. As will be seen on studying actual
strain-diagrams to be hereafter given, and which exhibit accu-
rately the behavior of the metal under stress, there is no such
point. The elastic limit referred to ordinarily, when the term
is used, is that point within which recoi/ on removal of load is
approximately equal to the elongation attained, and beyond
which sez becomes nearly equal to total elongation.

It is seen that, within the elastic limit, sets and elongations
are similarly proportional to the loads, that the same is true
on any elastic line, and that loads and elongations are nearly
proportional everywhere beyond the elastic limit, within a
moderate range, although the total distortion then bears a far
higher ratio to the load, while the sets become nearly equal to
the total elongations.

The behavior of metals under moving or “live” load and
under shock is not the same as when gradually and steadily
strained by a slowly applied or static stress. In the latter case
the metal undergoes the changes illustrated by the strain-
diagrams, until a point is reached at which equilibrium occurs
between the applied load and resisting forces, and the body
rests indefinitely, as under a permanent load, without other
change occurring than such settlement of parts as will bring
the whole structural resistance into play.

When a freely moving body strikes upon the resisting
piece, on the other hand, it -only comes to rest when all its
kinetic energy is taken up by the resisting piece; there is then
an equality of vis viva expended and work done, which is ex-

pressed thus:

W:[pdx:ﬁ..s;. B /)

in which expression W is the weight of the striking body, ¥V
its velocity, p the resisting force at any instant, g, the mean
resistance up to the point at which equilibrium occurs, and s is
the distance through which resistance is met.

As has been seen, the resistance may usually be taken as
varying approximately with the ordinates of a parabola, the
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abscissas representing extensions. The mean resistance is,
therefore, nearly two thirds the maximum, and

wy:
28

= f Pdx = puns = §¢t = a’, nearly, . . (8)

where ¢ is the extension, and # the maximum resistance at
that extension, and & a constant. Brittle materials, like hard
bronzes and brasses, have a straight line for their strain-dia-
grams, and the coefficient becomes 4 instead of §, and

wy?
28

=a('—_-*et=-‘}‘t—;;. P (9)

Resilience, or Spring, is the work of resistance up to the
elastic limit. This will be called Elastic Resilience. The mod-
ulus of elasticity being known, the Modulus of Elastic Resili-
ence is obtained by dividing half the square of the maximum
elastic resistance by the modulus of elasticity, £, as above, and
the work done to the “ primitive elastic limit” is obtained by
multiplying this modulus of resilience by the volume of the
bar.*

The total area of the diagram, measuring the total work
done up to rupture, will be called a measure of Zozal or Ults-
mate Resilience. Mallett’s Coefficient of Total Resilience is
the half product of maximum resistance into total extension.
It is correct for brittle substances and all cases in which the
primitive elastic limit is found at the point of rupture. With
tough materials, the coefficient is more nearly two thirds—
and may be even greater where the metal is very ductile, as,
e.g., pure copper, tin, or lead. Unity of length and of section
being takep, ‘this coefficient is here called the Modulus of
Resilience.

When the energy of a striking body exceeds the total re-
silience of the material, the piece will be broken. When the

7
* Rankine and some other writers take this modulus as —

. b ¥
z instead of 2 F

&
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energy expended is less, the piece will be strained until the
work done in resistance equals that energy, when the striking
body will be brought to rest.

As the resistance is partly due to the snertéa of the
particles of the piece attacked, the strain-diagram area is
always less than the real work of resistance, and at high ve-
locities may be very considerably less, the difference being
expended in the local deformation of that part of the piece
at which the blow is received. In predicting the effect of a
shock it is, therefore, necessary to know not only the energy
stored in the moving mass and the method of variation of the
resistance, but also the striking velocity. To meet a shock
successfully, it is seen that resilience must be secured sufficient
to take up the shock without rupture, or, if possible, without
serious deformation. It is in most cases necessary to make
the elastic resilience greater than the maximum energy of any
attacking body.

Moving Loads produce an effect intermediate between that
due to static stress and that due to the shock of a freely mov-
ing body acting by its inertia wholly; these cases are, there-
fore, met in design by the use of a high factor of safety, as
above.

As is seen by a glance at the strain-diagram, ff (Fig. 46), the
piece once strained has a higher elastic resilience than at first,
and it is therefore safer against permanent distortion by mod-
erate shocks, while the approach of permanent extension to a
limit renders it less secure against shocks of such great inten-
sity as to endanger the piece.

When the shock is completely taken up, the piece recoils,
as at e f”’f”, until it settles at such a point on that line—as-
suming the shock to have extended the piece to the point ¢
—that the static resistance just equilibrates the static load.
This point is usually reached after a series of vibrations on
either side of it has occurred. With perfect elasticity, this
point is at one half the maximum resistance, or elongation,
attained. Thus we have

fpdx WV. N ¢ )]
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but p varies as 4 x within the elastic limit, which limit has now
risen to some new point along the line of normal elastic limits,
as ¢". Taking the origin at the foot of £"/f", since the varia-
tions of length along the line Ox are equal to the elongations
and to the distances traversed as the load falls, and as stresses
are now proportional to elongations,

?=ax; Wh=Ws; and W=P;. . . (11)

when the resisting force is p, the elongations x, while £ and s
are faximum fall and elongation, and P is the maximum
resistance to the load at rest. Then

[
[‘pdx:a ’xdx:%s’: Ws; .'.s=-2—an£. . (12)

For a static load, if s’ is the elongation,
W=P=as; ¢ =Z,
a
Hence,

=% o 0 0 e .. (13)

Wit

and the extension and the corresponding stress due to the
sudden application of a load are double those produced by a
static load.

Where the applied load is a pressure and not a weight,
i.e., where considerable energy in a moving body is not to be
absorbed, as in the action of steam in a steam-engine, the
only increase of strain produced by a suddenly applied load is
that produced by the inertia of such of those parts of the mass
attacked as may have taken up motion and energy.

30. Tenacity, Elasticity, Ductility, and Resilience are
the four essential qualities of a good material for use in steam-
boiler construction. In some cases, the relative values of
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these several properties are very different from that relation in
others. For example: while boiler-iron or steel must have
Juctility, even if tenacity is sacrificed to some extent to secure
it, machinery irons and steels should have a certain amount of
rigidity, and tool-steel a minimum allowable hardness, as their
leading characteristics ; and in all, the essential property being
secured, as good a combination of all the other valuable prop-
erties is sought as can possibly be obtained.

The- problem of proportioning parts to resist shock is seen
to involve a determination of the energy, or “living force,” of
the load at impact, and an adjustment of proportion of sec-
tion and shape of piece attacked such that its work of elastic
or of ultimate resilience, whichever is taken as the limit, shall
exceed that energy in a proportion measured by the factor of
safety adopted. For ordinary live loads and moderate impact,
requiring no specially detailed consideration, the factors of
safety already given, as based upon ultimate strength simply,
are considered sufficient; in all cases of doubt, or when heavy
shock is anticipated, calculations of energy and resilience are
necessary, and these demand a complete knowledge of the
character, chemical, physical, and structural, of every piece
involved, of its resilience and method of yielding under stress,
and of every condition influencing the application of the at-
tacking force—in other words, a complete knowledge of the
material used, of the members constructed of it, and of the
circumstances likely to bring about its failure.

The form of such parts should usually be determined on
the assumption that deformation may some time occur; and
such expedients as that of Hodgkinson in enlarging the sec-
tion on the weaker side, as well as the adoption of a larger
factor .of safety based on ultimate strength, are advisable.

31. The Chemical and Physical Characteristics of Iron
determines the value of the metal for the purpose of the engi.
neer in construction. The following set of strain-diagrams
(Fig. 47) may be taken as representative of the behavior of
good samples of the various grades of wrought-iron and of
steel above described.

The diagrams a @, & &, ¢ ¢, are those of commercial irons of
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good quality, soft, medium, and hard respectively, and all of
high ductility. The elastic limits of @ and ¢ differ greatly in
position, and the irons themselves are characteristically differ-
ent. The one is in a condition of initial internal strain which
has weakened it against external stresses; but that strain being
relieved by flow under strain, the iron is finally found to be
stronger than the second piece.

It is evident that the first is less valuable than the second,

Lbspe -

Elongation per
F1G. 47.—STRAIN-DIAGRAMS OF IRON AND STEEL.

however, under any stresses that occur within the usual limits
of distortion ; the engineer would choose & as having a higher
elastic limit and much greater elastic resilience.

The “elasticity line,” ¢’ ¢/, shows the amount of spring and
of set at the point at which it is taken, and gives a measure of
the modulus of elasticity. The harder iron, 4 4, is probably
actually a puddled steel, and has been made by balling up the
sponge in the puddling furnace too early to permit complete
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reduction of carbon. The gradual increase in strength, with in-.
crease of carbon, and rise of the elastic limit, are shown, as well
as the coincident loss of ductility, in the diagrams, e, f, g, and
%, which are those of steels containing from 0.35 to I per cent
carbon; ¢ and f are the diagrams from excellent samples of the
product of the open-hearth and pneumatic processes, and the
stronger specimens are representatives of the average crucible
steel.

The increase of resilience within the elastic range is seen to
be very great as the percentage of carbon is increased.

The chemical composition of iron and steel determines the
real character of any sample, although differences of physical
character and of molecular structure often seriously modify the
value of pieces into the composition of which they enter.
With cast metal, where sound castings have been secured, the
chemical constitution of the metal being known from analyses,.
the value of the metal for purposes of construction may be-
usually well judged ; and a comparison of the data given by
the chemist with the specific gravity of the metal, will gener-
ally be sufficient to determine its character with great exact-
ness. Specifications for cast-iron or cast-steel may usually be

*safely so drawn as to make the acceptance of the material de-
pendent upon accordance with specified formulas of composi-
tion and density.

Thus: A good, gray foundry iron, free from phosphorus
and low in silicon, and having a density of 7.25 to 7.28, is, un-.
less containing some peculiar and unusual constituent in excess,
a safe iron to use for all purposes demanding strength  Wrought-
iron and “ mild " steels are, on the other hand, so greatly mod--
ified by the processes of preparation in the mill, that actual
test can only be safely depended upon to determine their value
in construction.

Statements of the strength of iron or steel are not of great
value in any case, when the metal of which the strength or
ductility is given is specified by its trade or generic name sim-
ply without a statement of its precise chemical composition and.
physical character. Wrought-iron varies in composition and in
structure to such an extent that, while the softest and purest:



60 . THE STEAM-BOILER.

varieties often have a tenacity of but about 40,000 pounds per
square inch (2812 kilogrammes per square centimetre), some
so-called wrought-irons (properly puddled steels) have been met
with by the Author in the market having a tenacity of double
that figure; some samples extend 25 per cent before breaking,
while others, with similar shape and size of test-piece are found
nearly as brittle as cast-iron.

Cast-iron varies in tenacity from as low as 10,000 pounds
per square inch (703 kilogrammes per square centimetre) to
more than 50,000 pounds (3515 kilogrammes per square centi-
metre); while metals are sold under the name of “ steel” hav-
ing tenacities varying from that of wrought-iron up to over 100
tons per square inch (15,746 kilogrammes per square centi-
metre).

In the examples of results of tests of iron and steel which
will be hereafter given, therefore, the character of the metal
tested will usually be exactly defined by its chemical composi-
tion.

In comparing the results of test with the chemical constitu-
tion of the material, it will be found that, in general, elements
which increase tenacity also decrease ductility and resilience.

Thus: carbon increases strength up to a limit beyond which®
an excess begins to weaken it, as at the limit which separates
steel from cast-iron; but every addition of strength takes place
at the sacrifice of that ductility which is an essential property
of good iron.

Phosphorus adds strength, as do manganese and other less
. common constituents; but in each case a limit to increasing
strength is reached, and in each case the increase of strength
noted is accompanied by an equally or more noticeable loss of
ductility. It sometimes happens, however, that the elastic re-
silience increases, with addition of such elements, up to a limit;
which limit is, however, reached long before the increase of
strength ceases.

The influence of the most common hardening elements upon
the valuable qualities of “rail-steel” and similar metals has not
been studied sufficiently to determine their precise effect and
their modifying action as mutually reacting upon each other.
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The hardening elements most usually met with in iron and
steel are carbon, silicon, manganese, and phosphorus. Dr.
Dudley* takes the effect of manganese, carbon, silicon, and
phosphorus to be as the numbers 3, 5, 74, and 15, and reckons
the sum of their effects in “ phosphorus units’ on this basis,
allowing 0.05, 0.03, 0.02, and 0.01 per cent respectively of these
elements, taken in the order just given, as each equivalent to
one unit. He concludes that the sum should not exceed 31 or
32 in rails and other soft ingot-metals, this figure being obtained,
as above, by adding together the phosphorus percentage, one
half the silicon, one third the carbon, and one fifth the manga-
nese. Taken singly, the limit for phosphorus is placed at a
maximum of 0.10 per cent, silicon at 0.04, manganese at 0.30 or
0.40, and for such metals, carbon at 0.25 to 0.30 per cent.
Higher proportions make the material too brittle for rails and
similar uses. For boiler-plate these elements should be re-
duced nearly one half.

Steels containing more carbon are still more carefully chosen
with a view to the avoidance of the loss of ductility due to the
action of other elements in presence of carbon.

Manganese steels, i.e., steels containing a high percentage
of manganese, having but little carbon or other of the harden-
ing elements, are found to have peculiar value for many purpo.
ses of construction; but their use must be carefully avoided in
steam-boilers, or elsewhere, when exposed to great and rapid
changes of temperature.

The chemical composition of cast-iron will usually, and es.
pecially if checked by a determination of density, serve well as
a guide to the selection of iron of any specified character for use
in construction; yet it is always advisable to supplement the
analysis by the determination of its physical characteristics as
revealed by inspection and by test. The openness or closeness
of grain, the shade of color, the depth of chill, and other prop-
erties capable ot detection by the senses, are valuable guides to
the experienced engineer. ‘

The same is true of all forms of ingot metal, whether worked

* Trans, Am. Inst, Mining Engineers, vol. vii.



62 THE STEAM-BOILER.

or unworked. Steels are selected by visual inspection with
great accuracy and certainty; but the engineer usually desires tc
compare the chemist’s analysis with the results of mechanical
tests, as well as to obtain the judgment of the steel-maker who
inspects the topped ingots.

The products of the pneumatic and of the open-hearth pro-
sesses are now customarily tested both by the chemist’s and by
physical tests.

The influence of mechanical treatment during the process
of manufacturing wrought-iron and puddled steel—the “weld "
‘metals—is very great in the modification of their valuable
properties. This is the case to such an extent that the quality
of these materials can but rarely be safely judged from chemi-
cal analysis. - The presence or absence of cinder, the amount of
reduction in the rolls or under the hammer, and the tempera-
ture and other conditions of working are circumstances that
modify quality to such- an extent as usually, with the better
kinds of metal, to entirely obscure variations due to accidental
differences in chemical constitution; with other irons and steels
both sets of conditions concur to determine quality. It isnever
safe, therefore, to base specifications for these materials upon
chemical composition alone ; actual test is usually demanded as
a basis for their acceptance or rejection.

Cast-iron has some advantages as a material for steam-boil-
ers, such as its durability in presence of corroding elements, its
freedom from liability to rapid solution by acids, its compact
structure and the impossibility of becoming laminated ; and it
is found to have practically equal conducting power. Its cost
is also low; but it is exposed to danger of cracking, either from
shrinkage strains or local variations of temperature; it gives no
warning when such danger arises, but is always treacherous and
unreliable. Its composition is a matter of uncertainty, and is
never absolutely known. The cast-iron boilers are usually so
constructed that it is easy to substitute a new piece for a broken
part, and the boiler is then as good as when new, instead of
being weakened by the operation, as is apt to be the case with
wrought-iron boilers. On the other hand, they are considered
to be commonly somewhat defective in circulation, as a rule,
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and deficient in steam-space. Cast-steel is now often substi-
tuted for cast-iron in such boilers, and is at once stronger and
more trustworthy; it is subject to the same objection as cast-
iron in the difficulty met with in securing sound castings.
Could good castings be relied upon and shrinkage cracks and
strain cracks be prevented, the material would undoubtedly be
much more generally employed, especially in small boilers.

32. Steel for Boilers is always of the class known as “low,”
“soft,” or “ mild " steel, and is, properly speaking, * ingot iron ;"
all of its characteristics being those of a homogeneous, tena-
cious, and ductile iron, and quite distinct from those of the
true steels. As compared with iron, its greater tenacity, per-
mitting the use of thinner sheets for a given pressure, or giving
a greater margin of safety; its greater homogeneousness, in-
suring more certainty and security in attaining the conditions
prescribed in designing; and its greater ductility, which adds
enormously to the safety of the structure against dangerous
strains and alterations of form: all make it, when of good qual-
ity, much the more desirable material. It is rapidly supersed-
ing iron in boilerconstruction. The difficulties which have
retarded its introduction have been mainly those of getting
perfect uniformity of composition, not only in successive lots,
but also in different parts of the same lot, and even in the same
sheet. Many manufacturers have now become able to secure
all the uniformity desirable, and to guarantee the quality of
their product ; from them good boiler-plate can always be ob-
tained.

Steel boiler-plate is usually made by the Siemens-Martin or
“open-hearth” process; although considerable quantities are
produced from the Bessemer converter, and some by the more
costly crucible process. The former possesses peculiar advan-
tages in the making of “mild " steels and boiler-plate in conse-
quence of the facility which it offers for testing the quality of
the metal from time to time, while still molten on the furnace-
hearth, and then, if it proves not to be of the desired character,
modifying it, by addition of such material as may serve to im-
prove it, until the required quality is obtained. While the
Bessemer process in skilled hands has produced most excellent
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steel, very uniform in grade, neither it nor the crucible process
offers such facilities for test and adjustment of quahty as.
characterize the Siemens-Martin system.

The composition of good steel boiler-plate should always
be such as will give great ductility and perfect freedom from
liability to harden and ‘take a temper” in consequence of
variations of temperature occurring while in use. The carbon
should be less in amount than one fourth of one per cent, and
it is often less than one tenth. Manganese, which usually con-
stitutes an important element, should be as low as is possible
consistent with soundness and homogeneousness. Any boiler-
plate that, on being heated to a red-heat and suddenly cooled,
is found to harden perceptibly, should be rejected. It should
weld readily, and should be capable of sustaining all the tests
customarily demanded of boiler-iron even more satisfactorily
than the latter. Its ductility should be greater than that of
iron.

As ordinarily made, steel is rarely as easily mampulated and,
when subjected to the ordinary operations of boiler-making,
seldom exhibits as little loss of quality as the best irons; it
must often be very carefully treated, and even in many cases
must be annealed after each operation to restore lost ductility.
Shearing and punching steels too high in carbon, or containing
too much manganese or phosphorus, is very certain to produce
injury.

33. The Effect of Variation of Form of a piece of metal,
a member, or a structure, is often extremely important. This
generally so considerably modifies the apparent tenacity of
iron and steel that it is necessary to note the size and shape
of the specimen tested before an intelligent understanding of
the value of the material can be arrived at by examination of
data secured by test. When a piece of metal is subjected to
stress and slowly pulled asunder, it will yield at the weakest
section first; and if that section is of considerably less area than
adjacent parts (Fig. 48), or if the metal is not ductile, it will
often break sharply, and without stretching appreciably, as seen
in Fig. 50; the fractured surface will have a granular appearance,
and the behavior of the piece, as a whole, may be like that of a
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brittle casting, even although actually made of tough and duc-
tile metal, when the piece is deeply scored.

When a bar of very ductile metal, of perfectly uniform cross-
section (Fig. 49) is broken, on the other hand, it will, at first, if
of uniform quality, gradually stretch with a nearly uniform
reduction of section from end to end. Toward the ends, where
held by the machine, this reduction of area is less perceivable,
and on the extreme ends, where no strain can occur, except from
the compressing action of the grips, the original area of section
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F1G. 48.—Incorrect. Fi1G. 49.—Correct.

Forus or TesT-PIECES FOR TENSION,

is retained, diminution taking place from that point to the most
strained part by a gradual taper or by a sudden reduction of
section, according to the method adopted of holding the rod.
When the stress has attained so great an intensity that the
weakest section is strained beyond its elastic limit, “flow”
begins there, and, while the extension of other parts continues
slowly, the portions immediately adjacent to the overstrained
section stretch more and more rapidly as this local reduction
of section continues, and finally fracture takes place. This
locally reduced portion of the rod has a length which is depend-

¢nt upon the character of the metal and the size of the piece.
5
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Hard and brittle materials exhibit very little reduction, and

J

é

FiG. so

‘the reduced portion is short, as in Fig. 5o;

ductile and tough metals exhibit a marked re-
duction over a length of several diameters, and
great reduction at the fractured section, as seen
in Fig. 51. Of the samples shown in the figures,
the first is of a good, but a badly worked, iron,
and the second from the same metal after it
had been more thoroughly worked.

When the breaking section is determined by
deeply grooving the test-piece, the results of test
are higher by § or 10 per cent than when the
cylinders are not so cut, if the metal is hard and
brittle, and by 20 to 25 per cent thh tough
and ductile irons or steels. In
ordinary work this difference will
average at least 20 per cent with
the ductile metals. A good
bridge or cable iron in pieces of
1 inch (2.54 centimetres) diame-
ter cut from 2-inch (5.08 centi-

metres) bar, exhibited a tenacity of 50,000
pounds per square inch in long test-pieces,
and 60,000 in short grooved specimens (3515
to 4218 kilogrammes per square centimetre).
Cast-irons will give practically equal results by
both tests, as will hard steels and very coarse-
grained hard wrought irons.

Since these differences are so great that it
is necessary to ascertain the form of samples
tested before the results of test can be properly
interpreted, it becomes advisable to use a test-
piece of standard shape and size for all tests the
results of which are to be compared. The fig-
ures given hereafter, when not otherwise stated,
may be assumed to apply to pieces of one half
square inch area (3.23 square centimetres) of

section, and at least 5 diameters in length. This length is

FiG. s1.
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usually quite sufficient, and is taken by the Author as a mini-
mum. For other lengths, the extension is measured by a con-
stant function of the total length plus a function of the diame-
ter, which varies with the quality of the metal and the shape
of the test-piece. It may be expressed by the formula

e=al+fd). . . . . . . . (1)

The elongation often increases from 20 up to 40 per cent
as the test-piece is shortened from 5 inches (12.7 centimetres)
to 4 inch (1.27 centimetres) in length, while the contraction of
section is, on the other hand, decreased from 50 down to 25 per
‘cent, nearly. Fairbairn,* testing good round bar-iron, found
that the extension for lengths varying from 10 inches (25.4
centimetres) to 10 feet (3.28 metres) could be expressed, for
such iron, by the formula

e=18—|—-275, B ¢))

where / is the length of bar in inches. In metric measures this
becomes

e=18+6i15

/= length in centimetres; ¢ = elongation per unit of length.
This influence of form is as.important in testing soft steels as

in working on iron. Col. Wilmot, testing Bessemer “steel " at

the Woolwich Arsenal, G. B., obtained the following figures:

TeENACITY.

Foru. TEST-PIECE. Lbs. persq. in.  Kilogs. per sq. cm.
Grooved, Fig. 48, Highest............ 162,974 11,457
Lowest...... cereees 136,490 9,595
Average ......ee... 153,677 10,803
Long cylinder....Highest...... eeens 123,165 8,658
Lowest............. 103,255 7.259
Average............ 114,460 8,047

* Useful Information, second series, p. 301.
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The difference amounts to between 30 and 35 per cent, the
" groove giving an abnormally high figure.

It is evident from the above that the elongation must be
proportionably much greater in short specimens than in long
pieces. This is well shown below in tests made by Capt.
Beardslee for the United States Board.*

TESTS OF TEST-PIECES OF VARYING PROPORTIONS—TENSION.

S'rnsss WHEN
Piece BBGAN | BREAKING-
TO STRETCH | ~ STRESS.

OBSERVABLY.

Diamg-

LencTn, TER.

Ob- |Stress| o, |Stress

served | PCT lserved | Per
square! square
Stress. | nch. . Stress. | Gnch,

tion of Area.

Orig-IFinal.

In. | In. In. Lés. | Lés. | Lbs. | Lés.
t | 5.000| 6.522| 30.0| .798| .568| 49.3| 13.400 26,800 26,000| 51,989 Elastic limit, 26,795 1bs.

tion,

Per cent of Elonga-
Per cent of Contrac-

I Nnumber.

;’ Reduced.

T 8q. in.
2 | 3.938| 5.204| 32.0| .798| .564| 50.0| 14,000| 28,000! 26,200( 52,389 El':esliail.nil. 28,194 lbs.

4-500| 5.B53| 30.0| .797| .584| 46.3! 14,000| 28,290, 26,190| 52,495 Eas:in'i:;‘i.t, 28,062 lbs.
3.500, 4.605| 31.6| .791| .570| 48.0| 13,000 26,450 26,070 s‘_x.os:Eal:i:“.iI:i.l. 27,268 lbs.
3.000| 3.977| 33.0| .792] .571| 48.0| 14.000| 28,420 26,100| 52,84 per #q. 0.
26,500| 52,852
26,500, 53,169
26,275| 52,666

o W e W

2.473| 3.266 32.1| .799| .589] 45.6| 14,000 27.920
7 | 1.989] 2.644| 32.9| .798| .501| 45.0| 14,000 28,000
1.500| 2.026| 35.0| .797| .590| 45.2| 1s5.500 31.320
9 | 1.000| 1.354| 35.4| .798| .600| 43.5| 16,675| 33.350 26.590( 53,169
10 | 0.500| 0.708| 41.6| .798] .635| 36.6 18.7§o 37.510: 28,665/ 57.318

With such brittle materials as the cast-irons, the difference
becomes unimportant. Beardslee found a difference of but 1
per cent in certain cases. The more brittle the material the less
this variation of the observed tenacity.

As will be seen later, even more important variations follow
changes of proportion of pieces in compression. No test-piece
should be of very small diameter, as inaccuracy is more
probable with a small than with a large piece, and the errors
are more likely to be increased in reduction to the stress per
square inch. Thelength should not be less than four times the
diameter in any case, and with soft ductile metal five or six
diameters would be preferable, for tension.

* Report, p. 104.
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Where much work is to be done, it is quite important that
a set of standard shapes of test-pieces should be selected, and
that all the tests should be made upon samples worked to
standard size and form. Thus, tension-pieces are often made
of the shapes seen in the figure, when testing square, cylindrical,
or flat samples, or samples cut from the solid. The last is a
shape called for under the U. S. inspection laws when testing
boiler-plate; but it should never be used if choice is permitted,
as it gives no chance of stretching, and is therefore nearly use-
less as a gauge of the quality of the metal; it will undoubtedly
be abandoned in course of time, as it invariably gives too high a
figure, and does not distinguish the hard and brittle from the
better and tougher materials which are desired in construction.

The dimensions adopted by the Author are one-half square
inch (3.23 square centimetres) section for all metals except the

o e e e e e 6°T0207 . _ __ _ ______

-

F1G. 52.—SHAPES FOR TRST-PIECES.

tool steels (0.798 inch; 2 centimetres diameter when round),
and one-eighth or one-quarter square inch (0.81 to 1.61 square
centimetres area; 0.398 or 0.565 inch, I or1.4 centimetres diame-
ter) for the latter, at the smallest cross-section. Kent, whosketches
the above, takes these shapes, making them, if of tool steel, 1}
inch diameter (1.75 centimetres), or § square inch (2.44 square
centimetres) area; in other metals either § inch (1.9 centimetres)
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diameter or 0.44 square inch (2.84 square centimetres), or as
above. The edges should be true and smooth, and the fillets §
inch radius.

For compression tests of metal, 1 inch (2.54 centimetres)
long and } inch (1.27 centimetres) diameter, ends perfectly
square, is recommended ; for stone and brick, a 2-inch (5.08
centimetres) cube. Transverse test-pieces should not be less
than 1 foot nor more than 4 feet in length, when to be handled
in ordinary machines.

The standard specimen will be taken as above, and good
wrought-iron of such shape and size should exhibit a tenacity
of at least 50,000 pounds (3515 kilograms per square centimetre)
if from bars not exceeding 2 inches (5.08 centimetres) diameter,
and should stretch 25 per cent with 40 per cent reduction of
area. Such test-pieces have the advantage of giving uniform
comparable and minimum figures for tenacity, and of permitting
accurate determinations of elongation.

Test-pieces are only satisfactory in form when turned in
the lathe, as the coincidence of the central line of figure with
the line of pull is thus most perfectly insured. When, as with
sheet-metal, this cannot be done readily, care must be taken to
secure proportions of length and cross-section as nearly like
those of the standard test-piece as possible, and to secure sym-
metry and exactness of form and dimension; such pieces are
liable to yield by tearing when not well made and properly
adjusted in the machine.

34. The Method of Treatment of metal, either previous
to its use in any structure or while under load, often seriously
modifies its strength, its ductility, and its endurance.

Bar-irons exhibit a wide difference of strength, due to
difference of section alone. This variation may be expressed
approximately with good irons, such as the Author has studied
in this relation, by the formulas

T = 56,000 — 20,000 log &; }

To= 4500— 1.406logd,. (1)

Where T and 7,, measure the tenacity in British and metric
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measures respectively, and 4 and 4, the diameter of the piece,
or its least dimension.

Where it is desired to use an expression which is not loga:
rithmic, it will usually be safe to adopt in specifications the
following :

60,000

_ 80,000
4 V d ’

T= Tw=—,0

I ()

The Edgemoor Iron Company adopt, for wrought-iron in
tension, the formula

T = 52,000 — %‘—)—4,

in which A4 is the area, and B the periphery of the section.*
The figures in the following table have been taken by the
Author as fair values of the tenacity of good average merchant-
iron.
TENACITY OF GOOD IRON.

|
DIAMETER, ! Tenacity, 7.
]

Centimetres. Inches. ! per sqfl‘:rse inch. pe‘illzg‘::“i’:l?h.
.64 $ 60,000 4.218
1.27 + ' 58,000 4,077
1.90 3 i 56,000 3.947
2.54 1 i 55,500 3,902
3.18 13 54,500 3,838
3.81 14 | 53.500 - 3.761
4.45 13 | 52 000 3,656
5.08 2 50,000 3.515
5.72 2} 49,000 3.445
6.35 2% 48,900 3.374
7.62 3 . 47.500 3.320
8.90 3% 47,000 3,304
10.16 4 46,000 3.234
12.70 5 44,000 3.093

Kirkaldyt found that pieces of 1}-inch (3.2 centimetres)

* Ohio Railway Report. 1881, p. 379.
t+ Experiments on Wrought Iron and Steel.
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bar rolled down to 1 inch (2.54 centimetres), # inch (1.9 centi
metres), and % inch (1.27 centimetres) diameter increased in
tenacity 20 per cent while decreasing in ductility § per cent.

Forging has the same effect as rolling.

The elastic limit is also usually lower in large than in small
masses.

Turning iron down has no important effect on the tenacity.
The considerable variations always observable in the gen-
eral rate of increase of tenacity, which, other things being
equal, accompanies reduction of size of wire, are due to the
hardening of the wire in the draw-plate, and occasxonal restora-
tion to its softest condition by annealing.

Beardslee has found the change of tenacity in forged and
rolled bars to be due to differences in amount of work done in
the mill upon the iron. The extent of reduction of the pile
sent to the rolls from the heating-furnace is variable, its cross
sectional area being originally from 20 to 6o times that of the
bar, the higher figure being that for the smallest bars. On
making this reduction uniform, it is found that the tenac-
ity of bars varies much less in different sizes, and that the
change becomes nearly uniform from end to end of the series
of sizes, and becomes also very small in amount. By properly
shaping the piles at the heating-furnace, and by putting as
much work on large as on small bars, it was found that a 2-inch
(5.08 centimetres) bar could be given a strength superior by
over 10 per cent, and a 4-inch (10.17 centimetres) could be
made stronger by above 20 per cent than iron of those sizes as
usually made for the market. The surface of a bar is usually
somewhat stronger than the interior.

The Limit of Elasticity will be found at from two fifths
the ultimate strength in soft, pure irons to three fifths in
harder irons, and from three fifths in the steels to nearly the
ultimate strength with harder steels and cast-irons. Barlow
found good wrought-iron to elongate one ten-thousandth its
length per ton per square inch up to the limit at about 10
tons. The relation between the series of clastic limits and the
maximum resistance of the iron or the steel is well shown in
strain-diagrams, which exhibit graphically the varying relation
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of the stress applied to the strain produced by it throughout
the process of breaking.

Repeatedly Piling and Reworking improves the quality of
wrought-iron up to a limit at which injury is done by over-
working and burning it.

The iron thus treated exhibits increasing strength until it
has been reheated five or six times, and then gradually loses
tenacity at a rate which seems to be an accelerating one.
Forging iron is similar in effect, and improves the metal up to
a limit seldom reached in small masses.

The forging of large masses usually includes too often re-
peated piling and welding of smaller pieces, and it is thence
found difficult to secure soundness and strength. This is par-
ticularly the case where the forging is done with hammers of
insufficient weight. The iron suffers, not only from reheating,
but from the gradual loosening and weakening of the cohesion
of the metal within the mass at depths at which the beneficial
effect of the hammer is not felt.

The Effect of Prolonged Heating is sometimes seen in a
granular, or even crystalline, structure of the iron, which indi-
cates serious loss of tenacity. Large masses must always be
made with great care, and used with caution and with a high
factor of safety.” Ingot iron isalways to be preferred to welded
masses of forged material for shafts of steamers and similar
uses. )

The Tenacityp of Ingot Irons and Steels is less subject to
variation by accidental modifications of structure and compo-
sition than is that of wrought-iron. The steels are usually
homogeneous and well worked, and are comparatively free
from objectionable elements, their variation in quality being
determined principally by the amount of carbon present, which
element occurs in a proportion fixed by the maker, and varying
within a very narrow range. The softest grades of ingot iron
and steel approach the character of wrought-irons; but their
comparative freedom from slag, and their purity, usually make
them superior to all ordinary irons in combined strength and
ductility. The products of the Bessemer and of the open-
hearth processes vary in tenacity from 60,000 pounds per square
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inch (4218 kilogrammes per square centimetre) to more than
double that figure; while the crucible steels often, and occa-
sionally the preceding, are sometimes four times as strong, a
tenacity of 200,000 pounds per square inch (14,060 kilogrammes
per square centimetre) being sometimes exceeded.

35. The Time and the Margin of Stress, or loading,
both affect greatly the life of the piece and the degree of safety
with which it may be used.

It has been shown by the Author, and by Commander
Beardslee, U. S. N., by direct experiment in the Mechanical
Laboratory of the Stevens Institute of Technology, and at the
Washington Navy Yard, that the normal elastic limit, as ex-
hibited on strain-diagrams of tests conducted without inter-
mission of stress, is exalted or depressed when intermission of
distortion occurs, according as the metal belongs to the iron or
to the tin class. This elevation of the normal elastic limit by
intermitting strain is, as has been shown, variable in amount
with different materials of the iron class, and the rate at which
this exaltation progresses is also variable. With the same
material and under the same conditions of manufacture and of
subsequent treatment the rate of exaltation is quite definite,
and may be expressed by a very simple formula. The Author
has experimented with bridge material, and Commander
Beardslee has examined metal specially adapted for use in
chain cables, for which latter purpose an iron is required, as in
bridge-building, to be tough as well as strong and uniform in
structure and composition. The experiments of the latter in-
vestigator have extended to a wider range than have those of
the Author, and the effect of the intermission of strains con-
siderably exceeding the primitive elastic limit has been deter-
mined by him for periods of from one minute to one year.
From a study of the results of such researches and from a com-
parison with the latter investigation, which was found to be
confirmatory of the deduction, the Author has found that, with
such iron as is here described, the process of exaltation of the
normal elastic limit due to any given degree of strain usually
nearly reaches a maximum in the course of a few days of rest
after strain, its progress being rapid at first and the rate of in-
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crease quickly diminishing with time. For good boiler irons,
the amount of the excess of the exalted limit, as shown by sub-
sequent test, above the stress at which the load had been pre-
viously removed may be expressed approximately by the
formula

E’ =75 log T+ 1.50 per cent;

in which the time, 7, is given in hours of rest after removal of
the tensile stress which produced the noted stretch.

The Author has investigated the action of prolonged stress,
using wire of Swedish iron: but one set of samples was an-
nealed; the other, of two sets, was left hard, as drawn from the
wire-blocks. The size selected was No. 36, 0.004 inch (0.01
millimetre) diameter, and was loaded with g3, 90, 85, 80, 75,
70, 65, and 60 per cent of the breaking load as obtained by the
usual method of test. The result was:

ENDURANCE OF IRON WIRE UNDER STATIC LOAD.

TiME UNDER LoAD BEFORE FRACTURE.
Per Cant MAximum
Static Loao
Hard wire (unannealed). Soft wire (annealed).

95 8 days. 3 minutes,

35 days. 5 minutes.
85 Unbroken at end of 16 mos. 1 day.
8o 9I days. 266 days.
75 17 days.
70 Unbroken. 455 days.
65 455 days.
6o Several remain unbroken (1896) after thirteen years.

Soft irons and the “tin class” of metals and the woods are
found to demand a higher factor of safety than hardiron. The
elegant and valuable researches, also, of Mons. H. Tresca on
the flow of solids,* and the illustrations of this action almost
daily noticed by every engineer, seem to lend confirmation to
the supposition of Vicat. The experimental researches of
Prof. Joseph Henry, on the viscosity of materials, and which

* Sur I'Ecoulement des corps solides. Paris, 1869-72.
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proved the possibility of the coexistence of strong cohesive
forces with great fluidity,* long ago proved also the possibility
of a behavior in solids, under the action of great force, analo-
gous to that noted in more fluid substances.

On the other hand, the researches of the Author, indicating
by strain-diagrams that the progress of this flow is often ac-
companied by increasing resistance, and the corroboratory evi-
dence furnished by all such carefully made experiments on
tensile resistance as those of King and Rodman, Kirkaldy and
Styffe, have made it appear extremely doubtful whether hard
iron is ever weakened by a continuance of any stress not origi-
nally capable of producing incipient rupture.

Kirkaldy concludes that the additional time occupied in
testing certain specimens of which he determined the elonga-
tion “ had no injurious effect in lessening the amount of break-
ing strain.” ¥+ An examination of his tables shows those bars
which were longest under strain to have had highest average
resistance.

Wertheim supposed that greater resistance was offered to
rapidly than to slowly produced rupture.

The experiments of the Author prove that, as had already
been indicated by Kirkaldy, a lower resistance is offered by
ordinary irons as the stress is more rapidly applied. This effect
conspires with vis viva to produce rupture.

We conclude that the rapidity of action in cases of shock,
and where materials sustain live loads, is a very important ele-
ment in the determination of their resisting power, not only
for the reason given already, but because the more rapidly
common iron is ruptured the less is its resistance to fracture.
This loss of resistance is about 15 per cent} in some cases,
noted by the Author, of moderately rapid distortion.

The cause of this action bears a close relation to that
operating to produce the opposite phenomenon of the ele-
vation, of the elastic limit by prolonged stress, to be de-

* Proc. Am. Phil. Society, 1844.

+ Experiments on Wrought Iron and Steel, pp 62, 83.

1 Compare Kirkaldy, p. 83, where experiments which are possibly affected
by the action of vis ziva indicate a very similar effect.
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scribed, and it may probably be simply another illustration
of the effect of internal strain. Metals of the “ tin class” ex-
hibit, as has been shown by the Author,* an opposite effect.
Rapidly broken, they offer greater resistance than to a static
or slowly applied load. It has also been seen that annealed
iron has, in some respects, similar qualities.

With a very slow distortion the “ flow” already described
occurs, and but a small amount of internal strain is produced,
since, by the action noticed when left at rest, this strain re-
lieves itself as rapidly as produced. A more rapid distortion
produces internal stress more rapidly than relief can take
place, and the more quickly it occurs the less thoroughly can it
be relieved, and the more is the total resistance of the piece
reduced. Evidence confirmatory of this explanation is found
in the fact that bodies most homogeneous as to strain exhibit
these effects least.

At extremely high velocities the most ductile substances
exhibit similar behavior when fractured by shock or by a sud-
denly applied force, to substances which are really compara-
tively brittlet+ In the production of this effect, which has
been frequently observed in the fracture of iron, although the
cause has not been recognized, the inertia of the mass attacked
and the actual depreciation of resisting power just observed,
conspire to produce results which would seem quite inexpli-
cable, except for the evidently great concentration .of energy
here referred to, which, in consequence of this conspiring of
inertia and resistance, brings the total effort upon a compara-
tively limited portion of the material, producing the short.
fracture, with its granular surfaces, which is the well-known
characteristic of sudden rupture. Any cause acting to produce
increased density, as reduction of temperature, evidently must
intensify this action of suddenly applied stress.

The liability of machinery and structures to injury by
shock is thus greatly increased, and it is quite uncertain what

* Trans. Am. Soc. C. E., 1874 e seq.
+ Specimens from wrought-iron targets shattered by shock of heavy ora-
nance exhibit this change in a very unmistakable manner.
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is the proper factor of safety to adopt in cases in which the
shocks are very suddenly produced.

Meantime the precautions to be taken by the engineer are:
To prevent the occurrence of shock as far as possible, and te
use in endangered parts light and elastic members, composed
of the most ductile materials available, giving them such forms
and combinations as shall distribute the distortion as uniformly
and as widely as possible.

The behavior of materials subjected to sudden strain is
thus seen to be so considerably modified by both internal and
external conditions which are themselves variable in character,
that it may still prove quite difficult to obtain mathematical
expressions for the laws governing them. An approximation,
of sufficient accuracy for some cases which frequently arise in
practice, may be obtained for the safety factor by a study and
comparison of experimental results.

Egleston, studying the behavior of metal under long-con-
tinued and repeated stresses, finds evidence of the existence of
a “law of fatigue and refreshment of metals,” occurring as in-
dicated by the Author. He also concludes* that metal once
fatigued may sometimes be restored by rest or by heating
that “the change produced is a chemical one,” accompanied
by “a change in the size, color, and surface of the grains of the
iron or the steel.” Surface injuries by blows were found to -
affect the metal, in some cases, to a depth of 15 millimetres
(0.6 inch). * He informs the Author that he finds evidence of
the formation of crystals in the cold metal during the process
of becoming fatigued, and a decided change in the proportion

of combined and uncombined carbon.
' The Effect of Repeated Variation of Load is most important.
In the year 1859 Prof. Wéhler, in the employ of the German
Government, undertook a series of experiments to determine
the effect of prolonged varying stress on iron and steel. These
experiments were continued until 1870. The apparatus used
by Waéhler and his successor, Spangenberg, was of four kinds:

1. To produce rupture by repeated load.

* Transactions Institute Mining Engineers, 1880.
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2. For repeated bending, in one direction, of prismatic
rods.

3. For experiments on loaded rods under constant bend-
ing stress.

4. For torsion by repeated stress.

The amount of the imposed stress was determined by
breaking several rods of like material, ascertaining the break-
ing load, and taking some fraction of this for the intermittent
load.

From the results of these experiments of Wéhler, extend-
ing over eleven years, the observations here appended were
deduced :

“ WOHLER'S LAW: Rupture of material may be caused by
repeated vibrations, none of whick attain the absolute breaking
dimit. The differences of the limiting strains are sufficient for
2he rupture of the material.”

The number Jf strains required for rupture increases much
more rapidly than the weight of load diminishes.

The work of Wohler and Spangenberg has proven what
‘was long before supposed to be the fact—that the permanence
and safety of any iron or steel structure depends not simply
on the greatest magnitude of the load to be sustained, but on -
the frequency of its application and the range of variation of
its amount. The structure or the machine must usually be
designed to carry indefinitely whatever load it is intended to
sustain and to be permanently safe, however much the stress
may vary, or however frequent its application. The stress
permitted and calculated upon must therefore be less as the
variation is greater, and as the frequency of its application is
greater. Although it is customary to make the working load
one fifth or one sixth the maximum load that could be sus-
tained without fracture, it has now become well known that
this is not the correct method except for an unvarying load ;
although, as will be seen, these factors of safety are sufficient
to cover the case studied by Wahler.

Waéhler found that good wrought-iron and steel would bear
doads indefinitely as follows:
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Lbs. per sq. in. Kilogs. per &q. cm.
Wrought-iron, tension only........ < 18,700 to 4 30; 4+ 1,309 to + 2.2
Wrought-iron, tension and compres. 4 8,320 to — 8,320; 4+ 582 to — 582
Cast-steel, tension only............ ~+ 34,307 to 4 11,440; 4 2.401 to -+ 8ot

Cast-steel, tension and compression 4 12,480 to — 12,480; 4 874 to — 874

Thus rupture is produced either by a certain load, called
usually the “breaking load,” once applied, or by a repeatedly
applied smaller load. The differences of stresses applied, as
well as their actual amount, determine the number of appli-
cations which may be made before fracture occurs, and the
length of life of the member or the structure. This weakening
of metal by repeated stresses is known as fatigue. It is not
known that it may always be relieved, like internal stresses, by
rest ; but it is apparently capable of relief frequently by either
simple rest for a considerable period, or by heating, working,
and annealing.

The experiments described seem to indicate some relation
between the action of variable loads and of prolonged stress
where metals are soft enough to “flow.”

Wéhler concluded that the allowable loads for the cases of
stationary loading, loading in tension alternating with entire
relief, and equal and alternate tensions and compressions, will
be in the ratio 3: 2 : 1.

The method above described is still in the experimental
stage ; but it may be provisionally accepted as safer than the
usual method of covering cases of varying stresses by a factor
of safety determined solely by custom or individual judgment.
It has been the custom with some American bridge-builders
to give members in alternate tension and compression a section
equal to that calculated for a tension under static load equal
to the sum of the two stresses—a rough method of meeting
the most usual and serious case.

A number of engineers, commenting upon the work of
Wéohler, Spangenberg, Weyrauch, and Launhardt, consider
that the result is simply to base upon the ultimate strength a
deduced limit of working stress which corresponds closely to
the elastic limit, and generally urge that reasonable factors of
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safety related to the limit of elasticity are preferable to the still
uncertain method above described. It is admitted, however,
that the results accord with those already indicated by experi-
ence where a definite practice has become settled upon.

There are many phenomena which cannot be conveniently
exhibited by strain-diagrams ; such are the molecular changes
which occupy long periods of time. These phenomena, which
consist in alterations of chemical constitution and molecular
changes of structure, are not less'important to the mechanic
and the engineer than those already described. Requiring
usually a considerable period of time for their production, they
rarely attract attention, and it is only when the metal is finally
inspected, after accidental or intentionally produced fracture,
that these effects become observable. The first change to be
referred to is that gradual and imperceptible one which, occu-
pying months and years, and under the ordinary influence of
the weather going on slowly but surely, results finally in im-
portant modification of the proportions of the chemical ele-
ments present, ahd in a consequent equally considerable
change of the mechanical properties of the metal.

Exposure to the weather, while producing oxidation, has
another important effect: It sometimes produces an actual im-
provement in the character of the metal. Old tools, which
have been laid aside or lost for a long time, acquire exceptional
excellence of quality. Razors which have lost their keenness
and their temper recover when given time and opportunity to
recuperate. A spring regains its tension when allowed to rest.
Farmers leave their scythes exposed to the weather, sometimes
from one season to another, and find their quality improved by
it. Boiler-makers frequently search old boilers carefully, when
reopened for repairs after a long period of service, to find any
tools that have been lost and so improved.

36. A Method of Detecting any Overstrain to which a
structure or either of its parts may have been subjected, which
was devised, or more properly discovered, by the Author, is
sometimes of service in revealing danger of accident, or the

cause of disasters already arrived. It has been shown by the

6
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Author* and by other investigators, that when a metal is sub-
jected to stress exceeding that required to strain it beyond its
original apparent, or “primitive,” elastic limit, this primitive
elastic limit becomes elevated, and that strain-diagrams obtained
autographically, or by carefully plotting the results of well-con-
ducted teésts of such metal, are “ the Joci of the successive limits
of elasticity of the metal at the successive positions of set.'t

It has been shown by the Author also that, at the successive
positions of set, strain being intermitted, a new elastic limit is,
on renewing the application of the distorting force, found to
exist at a point which approximately measures the magnitude
of the load at the moment of intermission.}

Thus it is seen that a metal, once overstrained, carries per-
manently unmistakable evidence of the fact, and can be made
to reveal the amount of such overstrain at any later time with
a fair degree of accuracy. This evidence cannot be entirely
destroyed, even by a moderate degree of annealing. Often,
only annealing from a high heat, or reheating and reworking,
can remove it absolutely. Thus, too, a boiler, or any structure,
broken down by causes producing overstrain in its tension
members, or in its transversely loaded beams (and, probably, in
compression members—although the writer is not yet fully as-
sured of the latter), retains in every piece a register of the
maximum load to which that piece has ever been subjected ;
and the strain sheet of the structure, as strained at the instant
of breaking down, can be thus laid down with a fair degree of
certainty. The Author has found by subsequent tests that
transverse strain produces the same effect upon the elastic limit
for tension.

Here may be found a means of tracing the overstrains
which have resulted in the destruction or the injury of any
iron or steel structure, and of ascertaining the cause and the
method of its failure, in cases frequently happening in which

* See Trans. Am, Soc. C. E., 1874 ¢¢ seq., Journal Franklin Institute, 1874 ;
Van Nostrand's Eclectic Engineering Magazine, 1874, etc., etc.

t On the Strength, etc.. of Materials of Construction. 1874, Sec. 20.

$ On the Mechanical Treatment of Metals; Metallurgical Review, 1877 ;
Engincering and Mining Journal, 1877.
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they are indeterminable by any of the usual methods of inves-
tigation.

This method may thus sometimes be used to ascertain the
probable cause of a boiler explosion, by determining whether
the metal has been subjected to overstrain in consequence of
overpressure. The causes of accidents to machinery may also
be thus detected, and many other applications might be sug-
gested.

37. The Effect of Temperature and its Variation on iron
and steel is probably the most important of all those phenom-
ena which modify the behavior of iron or steel under load.
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The diagram above* graphically represents the results of
several series of experiments.

Curves Nos. 1 and 2 represent Kollmann’s experiments on
iron, and 3 on Bessemer “steel.” No. 1 is ordinary, and 2
steely puddled iron.

Curve No. 4 represents the work of the Franklin Institute
on wrought-iron.

# Eisen und Stahl, A. Martens; Zeitschrift des Vereins Deutscher Inge-
nieure ; Feb, 1883, p. 127.
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Curve No. 5 gives Fairbairn’s results, working on English
wrought-irons. -

Nos. 6 to 11 are Styffe’s, and represent the experiments
made by him on Swedish iron. The numbers do not appear,
as these results do not fall into curves; these results are indi-
cated by circles, each group being identified by the peculiar
filling of the circles, as one set by a line crossing the centre,
another by one across, a third by a full circle, etc.

The broken lines, 12 and 13, are British Admiralty experi-
ments on blacksmiths’ irons, and No. 14 on Siemens steel.

The first five series only are of value as indicating any law;
and they exhibit plainly the general tendency already referred
to, to a decrease of tenacity with increase of temperature.

Fairbairn’s experiments, No. 5, best exhibit the maximum,
first noted by the Committee of the Franklin Institute, at a
temperature between that of boiling water and the red heat. )

It will be observed that the measure of tenacity, at the left,
is obtained by making the maximum of Kollmann unity. It
will also be noted that Kollmann does not find a maximum as
in curves 4 and 5, but, on the contrary, a more rapid reduction
in strength at that temperature than beyond.

It would seem, therefore, that that peculiar phenomenon
must be due to some accidental quality of the iron.* The
Author has attributed it to the existence in the iron, before
test, of internal stresses which were relieved by flow as the
metal was heated, disappearing at a temperature of 300° or
400° Fahr. (149° to 204° Cent.).

The experiments of Mr. Oliver Williams t in determining
the change produced in the character of the fracture of iron by
transverse strain, at extreme temperatures, indicate loss of duc-
tility at Jow temperatures.

Two specimens of nut-iron, from different bars, made at
Catasauqua, Pennsylvania, were first nicked with a cleft on one
side only, and then broken under a hammer, at a temperature

* Isherwood suggests that this is simply due to repeatedly breaking the same
piece.
t The Iron Age, New York, March 13, 1873, p. 16.
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of about-20° Fahr. (— 7° Cent.). At this temperature both
specimens broke off short, showing a clearly defined granular
or steely iron fracture. The pieces were then gradually heated
to about 75° Fahr. (24° Cent.), and then broken as before, de-
veloping a fine, clear, fibrous grain. The two fractures were

F1G. 54.—FRACTURE AT ORDINARY TEMPERATURE.

but four inches (10.16 centimetres) apart, and are entirely dif-
ferent. The accompanying illustrations, from the Author’s
collection, exhibit this case.

It has been long known that a granular fracture may be
produced by a shock, in iron which appears fibrous when grad-
ually torn apart. This was fully proven by Kirkaldy.* Mr.
Williams was, probably, the first to make ——
the experiment just described, and thus
to make a direct comparison of the char-
acteristics of fracture in the same iron at
different temperatures.

Valton has found  that some iron be-
comes brittle at temperatures of §72° or
752° Fahr. (300° to 400° Cent.), and re-
gains ductility and toughness at higher
temperatures. On the whole, the frac- o sspiiaerune ar Low

* Experiments on Iron and Steel.
+ Bulletin Iron and Steel Assoc., Feb. 1877.
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ture of iron at low temperatures has been found to.be charac.
teristic of a brittle material, while at higher temperatures it
exhibits the appearance peculiar to ductile and somewhat vis-
cous substances. The metal breaks, in the first case, with slight
permanent set and a short granular fracture, and in the latter
with, frequently, a considerable set, and the form of fracture in-
dicating great ductility. The variation in the behavior of iron,
as it approaches the welding heat, illustrates the latter condi-
tion in the most complete manner.

Valton found that a steel rod bent very well at a tempera-
ture a little below dull red, but broke at a temperature which
may be called blue, the fracture showing that color. Portions
of the rod which were below this temperature manifested much
toughness, and bent without fracture. Charcoal pig-iron from
Tagilsk, made in 1770, irons obtained from the Ural in rods
and sheets, soft Bessemer and Martin steels from Terrenoire,
soft English steel and good English merchant-bars, all gave
the same results, whether the metal tested had been hammered
or rolled. Valton found that the phenomenon had been long
known to the workmen under his direction. In working sheet-
iron with the hammer they wait until the metal has cooled
further when approaching the temperature which would give
the blue fracture when broken. He concludes that wrought-
irons, as well as some kinds of soft steel, even when of excel-
lent quality, are very brittle at a temperature a little below
dullred heat—577° to 752° Fahr. (between 300° and 400° Cent.).

The variation of strength follows quite closely the change
of density, which latter is illustrated in the preceding diagram,
which exhibits increase of volume from the freezing-point.

The sudden fall of the line before reaching the melting-
point indicates the sudden increase of volume which castings
exhibit while cooling, and which- enables “sharp” castings to
be secured. It is at the crest noted near this point that vis-
cosity is observed. From this point back to the freezing-point
the variation follows a regular law.

It would thus seem that the general effect of increase or
decrease of temperature is, with solid bodies, to decrease or
increase their power of resistance to rupture, or to change of
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form, and their capability of sustaining “dead” loads; and we
may conclude:

(1) That the general effect of change of temperature is to
produce change of ductility, and consequently change of resili-
ence, or power of resisting shocks and of carrying “live loads.”
This change is usually opposite in direction and greater in de-
gree at ordinary temperatures than the variation simultane-
ously occurring in tenacity.

(2) That marked exceptions to this general law have been
noted, but that it seems invariably the fact that, wherever an
exception is observed in the influence upon tenacity, an excep-
tion may also be detected in the effect upon resilience. Causes
which produce increase of strength seem also to produce a sim-
ultaneous decrease of ductility, and vice versa.

(3) That experiments upon copper, so far as they have been
carried, indicate that (as to tenacity) the general law holds
good with that metal.

(4) That iron exhibits marked deviations from the law be-
tween ordinary temperatures and a point somewhere between
500° and 600° Fahr. (260° and 316° Cent.), the strength increas-
ing between these limits to the extent of about 15 per cent
with good iron. The variation becomes more marked and the
results more irregular as the metal is more impure.

(5) That above 600° Fahr. (316° Cent.) and below 70° (21°
Cent.) the general law holds good for iron, its tenacity increas-
ing with diminishing temperature below the latter point at the
rate of from 0.02 to 0.03 per cent for each degree Fahrenheit,
while its resilience decreases in an undetermined ratio for good
iron, and to the extent of reduction to one third its ordinary
value or less, at 10° Fahr. (— 12° Cent.) when cold-short, and
in the latter case the set may be less than one fourth that
noted at a temperature of 84° Fahr. (29° Cent.).

(6) That the viscosity, ductility, and resilience of metals are
determined by identical conditions, and that the fracture of
iron at low temperatures has accordingly been found to be
characteristic of a brittle material, while at the higher tempera-
tures it exhibits the appearance peculiar to ductile and some-

what viscous substances. The metal breaks in the first case

Fal
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with slight permanent set and a short granular fracture, and in
the latter with frequently a considerable set and a form of frac-
ture indicating great ductility. The variation in the behavior
of iron, as it approaches a welding heat, illustrates the latter
condition in the most complete manner.

(7) That the precise action of the elements with which iron
is liable to be contaminated, and the extent to which they
modify its behavior under varying temperature, remain to be
fully investigated, but that the presence of phosphorus and of
other substances producing “ cold-shortness,” exaggerates to a
great degree the effects of low temperature in producing loss
of toughness and resilience.

(8) That the modifications of the general law with other
metals than iron and copper, and in' the case of alloys, are not
well known. See tables in Appendix.

The practical result of the whole investigation is that iron
and steel, and probably other metals, do not lose their power
of sustaining absolutely “ dead " loads at low temperatures, but
that they do lose, to a very serious extent, their power of sus-
taining shocks or of resisting sharp blows, and that the factors
of safety in structures need not be increased in the former
case, where exposure to severe cold is apprehended; but that
machinery, rails, and other constructions which are to resist
shocks should have larger factors of safety, and should be most
carefully protected, if possible, from extreme temperatures. *

The Stress Produccd by Change of Temperature is easily cal-
culated when the modulus of elasticity and the coefficient of
expansion are known, thus:

Let £ = the modulus of elasticity;
A = the change of length per degree and per unit of
length;
4¢° = the difference of initial and final temperatures;
2 = the stress produced.

Then
PrE A4,

Lp=AEdC. . . . .. .. (1)
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For good wrought-iron and steel, taking £ as 28,000,000
pounds on the square inch, or 2,000,000 kilogrammes on the
square centimetre, and A as 0.0000068 for Fahrenheit, and as
-0.0000120 for Centigrade degrees:

2 = 1904¢° Fahr,, nearly, @
. . « . . 2
= 254¢° Cent., nearly.

For cast-iron, taking £ = 16,000,000; A = 0.0000062:

= 1004¢° Fahr., nearly,
?
N )

= 124¢° Cent., nearly.

This force must be allowed for as if a part of the tension,
7, or compression, C, produced by the working load when the
parts are not free to expand.

Sudden Variation of Temperature has an effect upon steel
which is very great when the proportion of carbon is not far
from one per cent. With less carbon the effect is less observ-
.able, and with the wrought-irons and with ingot metals con-
taining less than one third per cent carbon and other hardening
elements, it becomes quite unimportant. Soft irons are still
further softened by sudden reduction of temperature from the
red heat. Cast-irons, unless of the class known as “chilling
irons,” are much less affected than steel, and when very rich in
_graphitic carbon are not perceptibly hardened.

When either iron or steel is repeatedly heated and cooled,
a permanent change of form takes place. Colonel Clarke has
shewn* that cylinders repeatedly heated to a high temperature
and suddenly cooled, become enlarged in diameter perma-
nently. Pieces of tempered steel are larger than when untem-
pered.

Cast-iron ordnance, after having been discharged many
times, becomes unsafe in consequence of weakening, which is

* Philosophicai Magazine, 1863.
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probably principally due to strains caused by sudden and irreg-
ular changes of temperature in service.

Such grades of steel as take a temper are greatly strength-
ened unless too highly hardened, in which case they become
brittle from internal stresses. The Author has found temper-
ing in mercury to increase greatly both the strength and the
toughness of small pieces of good tool steel. Kirkaldy has
found, by an extended series of experiments, that tempering
tool steels in oil greatly increases both strength and elasticity,
while hardening in water reduces both. The higher the tem-
perature at which, without risk, the steel can be cooled, the
greater is this increase of strength. Hard steels exhibit the
fact better than soft steels. Dividing steels into series in the
order of their contents in carbon, beginning with the softest
grades, the following were the percentages of increase of
strength from weakest to strongest: 11.8, 24.2, 40.7, 53.2, §7.0,
64.1, 70.9, 77.6. The harder steels were highly heated; the
soft steels only moderately.

A singular change is observed in iron and in the soft steels,
and may perhaps be found to occur with other metals, when
the temperature approaches what is known as the black heat—a
temperature not far from 600° or 700° F. (316° to 370° C.), and
below a red-heat visible in the datk. At this temperature,
metal which bends readily either cold or at the full red heat
is found to be exceedingly brittle and to break easily, especially
under percussion, without bending. This heat with its peculiar
effect may be reached in a bath of boiling tallow at a little
above the lower temperature above specified. The steels show
less of this effect, usually, than the irons. The presence of
more than a trace of sulphur, or phosphorus, or of other
hardening elements, exaggerates this action.

38. Crystallization and Granulation are the two methods.
of alteration of molecular structure which are consequent upon
the action of any cause which continually separates the par-
ticles of the metal beyond the range marked and limited by
the elastic limit. No evidence is to be found that a single
suddenly applied force, producing fracture, may cause such a
systematic and complete rearrangement of molecules. The
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granular fracture produced by sudden breaking, and the crys-
talline structure produced as above during long periods of time,
are apparently as distinct in nature as they are in their causes.
But simple tremor, whkere no sets of particles are separated so
- Jar as to exceed the elastic range, and to pass beyond the limit
of elasticity, does not seem to produce such changes. In fact,
some of the most striking illustrations of the improvement in
the quality of wrought-iron with time have occurred where
severe jarring and tremor were common. Metal has been sub-
jected for many years to the strains and tremor accompanying
the passage of trains without apparent tendency to crystalliza-
tion, and with evident improvement in its quality.

Wahler found cubic crystals in cast-iron plates which had
been for some time kept at nearly the temperature of fusion in
a furnace, and Augustine found similar crystals in gun-barrels;
Percy found octahedra of considerable size in a bar which had
been used in the melting-pot of a glass-furnace. Fairbairn as-
serts the occasional occurrence of such change due to shock,
jar, and long-continued vibration. Miller found cubic crystal-
lization plainly exhibited in Bessemer iron, which may, how-
ever, have been due to the presence of manganese. Hill
shows * that heat may produce such crystallization.

In a discussion which took place many years ago before the
British Institution of Civil Engineers, Mr. J. E. McConnell
produced a specimen of an axle which he thought furnished
nearly incontestable evidence of crystallization. One portion
of this axle was clearly of fibrous iron, but the other end broke
off as short as glass. The axle was hammered under a steam
hammer, then heated again and allowed to cool, after which it
was found necessary to cut it almost half through and hammer
it for a long time before it could be broken. The great testing-
machine at the Washington Navy Yard has a capacity of about
300 tons, and has been in use 40 years. Commander Beardslee
subjected it to a stress of 288,000 Ibs. (130,000 kilogrammes),
which stress had frequently been approached before; but it
subsequently broke down under about 100 tons. The connect-

* Iron Age, 1882 ; Meckanics, 1882.
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ing-bar which gave way had a diameter of five inches, and
should have originally had a strength of about 400 tons (406,400
kilogrammes). Examining it after rupture, the fractured sec-
tion was found to exhibit strata of varying thickness, each
having a characteristic form of break. Some were quite granu-
lar in appearance, but the larger proportion were distinctly
crystalline. Some of these crystals are large and well defined.
The laminz, or strata, preserve their characteristic peculiarities,
whether of granulation or of crystallization, lying parallel to
their axis and extending from the point of original fracture to
a section about a foot distant, where the bar was broken a
second time (and purposely) under a steam hammer. It thus
differs from the granular structure which distinguishes the sur-
faces of a fracture suddenly produced by a single shock, and
which is so generally confounded with real crystallizion.

39. Irons and Steels Compared with reference to their
composition and qualities, even when the latter are given as
much of the character of the best iron as is possible, -will ex-
hibit some marked differences.

In composition the followmg may be considered good repre-
sentative examples:

IRONS. STExLs.
i Pennsylva- “ Mild.” Vi
Swedish. | Dartmoor, :isn): va Mild. “ m’ﬁ."
Carbon....covvurnnnn 0.087 0.016 0.067 0.238 0.009
Silicon............ . 0.056- 0.022 0.020 0.108§ 0.163
Sulphur............. 0.00§ 0.104 0.001 0.012 0.009
Phosphorus..........| ..... 0.106 0.075 0.034 0.084
Manganese.......... L eeee 0.280 0.009 0.184 0.620
Iron by diff..........[| 99.220 99.372 99.828 99.427 99.I115
100.000 | 100.000 | 100.000 | 100.000 | 100.000

All the hardening elements usually appear in larger propor-
tion in the steels than in the irons; but this is not invariably
the fact, especially with those very mild steels which can be
made by the crucible process.

Comparing the analyses of the two classes of metal, it will
be found that the best irons are more irregular and uncertain
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in composition than the best steels; that they contain con-
siderable amounts of cinder, or slag, derived from the puddle-
ball and the crude cast-iron from which it is made; that the
carbon and silicon are usually less in quantity, though very
variable; sulphur and phosphorus are commonly * higher” than
in steels; and the whole list of elements, aggregating, slag
aside, less in the irons than in the steels, varies greatly in pro-
portions, and by no law. The steels are capable of more exact
prescription of constitution than irons, and are especially dis-
tinguished by their richness in manganese, silicon, and carbon,
and their freedom from slag and from sulphur and phosphorus.
The crucible steels contain, as a rule, much less manganese and
silicon than do the others. For boiler-plate, the carbon should
be kept below one fourth of one per cent, and all other ele-
ments as low as possible; but the effect of manganese and
other hardening constituents is not sufficiently well settled,
especially where the metal is exposed to the action of the fire,
and to varying temperatures generally, to admit of the pre-
scription of a formula for the best possible composition.

Comparing the structure of iron and steel, it will be found
that the latter is comparatively, often almost absolutely, homo-
geneous; while the former is very irregularly laminated, and
exhibits the most remarkable fibrous texture when broken
slowly, the slag separating threads of metal by encasing them
in sheaths of mineral, and layers of cinder and oxide causing
stratification by preventing the welding of the sheets of thinner
iron of which the plate is made. The whele structure of the
“pile” from which it is rolled is reproduced in a distorted
fashion in the finished plates. The steel breaks with the same
fracture, and offers the same resistance in both directions;
while iron, especially the cheaper grades, usually resists longi-
tudinal forces much better than transverse.

In tenacity the best steel boiler-plate is but little, if any,
stronger than the best boiler-iron : it excels the latter, however,
in ductility as well as in homogeneousness, and resists the cor-
roding action of the fluids with which it is brought in contact
much better than iron. If too rich in manganese, too high in
carbon or silicon, or if it contains an appreciable amount of
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phosphorus, steel becomes unreliable, and more dangerous than
ordinary irons.

“ Mild Steel”” will take a temper, often, when containing over
0.30 per cent of carbon. Its uniformity and reliability decrease
as its strength and hardness increase, and also with increase of
thickness and size of the mass produced. This fact has caused
the British Lloyds regulations to make the following allowances:

Plates and stays o to 1 igch thick, maximum tensile strength
67,200 pounds (4724 kgs. per sq. cm.).

Plates and stays 1 to 1§ inches thick, maximum tensile

strength 64,060 pounds (4567 kgs. per sq. cm.).
- Plates and stays over 1# inches thick, maximum tensile
strength 62,720 pounds (4410 kgs. per sq. cm.).”

The same proportions carried further would reduce the al-
lowable tenacity of steel in heavy and thick masses to that of
good iron, leaving its homogeneousness the only advantage.

If used at all, the harder steels should be tempered in oil ;
but they have no place in boiler-construction.

Recent practice calls for §5,000 to 58,000 lbs. tenacity and
an extension of 25 per cent in 8 inches, and 56 per cent in 4
inches. Test-strips should bend double, hot, cold, and after
heating and quenching in cold water.

“It appears extremely probable that this material "’ (steel)
“ will gradually come into exclusive service, not only increas-
ing the safety and decreasing the repair expense of boilers, but
promoting the economy of steam generation and of railway
working generally.” ¥ '

40. The Characteristics of Iron Plate used in boiler-
making must all be in accordance with the requirements already
stated. A number of different qualities of both iron and steel
are sent into the market for use in boiler-construction. Of
these the makes and qualities of iron have been long well
settled ; but the best qualities and compositions of steel are
not as well established. No hard steels, however, are classed
as boiler-steels.

Good Boiler-plate is commonly assumed to be made of

* A. L. Holley, American and European Railway Practice, p. 29.
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“‘charcoal iron,” i.e., of iron made from pig-iron produced in
the charcoal blast-furnace, no other fuel than wood-charcoal
being used. The scarcity of charcoal and the cost of such irons
is gradually making it more and more difficult to secure them.
American boiler-plate is classed by the following-named
brands:

“Charcoal No. 1 iron” (C. No. 1) is made entirely of char-
coal iron ; it has a tenacity exceeding 40,000 pounds per square
inch (2812 kgs. per sq. cm.), is hard, but not very ductile, and
is never used when flanging or considerable change of form is
required, as it is apt to break at the bend. When releated and
reworked to form what is called “charcoal No. 1 reheated
iron” (C. No. 1, R. H.) it becomes still harder, and is found to
wear well in fireboxes, but is still less well fitted than before
for flanging and working, on account of its increased brittleness.

“ Charcoal Hammered No. 1 Shell-iron” (C. A. No. 1, S.) is
a better worked iron than C. No. 1; but it is not always ham-
mered. It is stronger, having a tenacity of 50j000 to 55,000
pounds per square inch (3515 kgs. per sq. cm. to 3838) in the
direction of the fibre, and seventy-five or eighty per cent of
this amount across the grain. This grade is not usually
flanged, but may be bent if handled with care, and if the
radius of curvature is made sufficiently great; it is sold princi-
pally for use in the shells of boilers. A better quality known
as “flange-iron” (C. A. No. 1, F.), is much more ductile, and
may be worked into flanged sheets; it is nearly equally strong
in both directions, and has about the tenacity of the preceding.
A still harder grade of hammered iron is intended for fireboxes
mainly (C. /. No. 1, F. B.), and especially for flue-sheets, which
are flanged to receive the flues; and a still better grade (C. A.
No. 1, F. F. B.) called “charcoal hammered No. 1, flange fire-
box” iron, extra firebox, or, sometimes, best firebox, is made,
which is more generally considered best for this use.

Since 1880, it has come to be usual to substitute the terms
« shell” and * flange"” for “ C. H. No. 1" and “ (. No. 1.”

“Shell ” boiler-plate has often, if not generally, an outer
skin of charcoal-iron, the “ pile” from which it is rolled being
composed of other irons, and covered top and bottom with
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pieces of charcoal-iron. Although distinctively made for the
shell of the boiler, the best makers usually prefer to use better
grades for that purpose.

“ Refined” [ron is used for miscellaneous purposes when
strength and toughness are not specially demanded, and where
no risks are involved. It is not intended for boiler-making;
it is made directly from the pig-iron. “Tank” iron is a still
cheaper grade, used only for the most unimportant purposes.
Neither of these grades should be used in boilers, or in any
structure of great magnitude or value.

The best British boiler and smith’s irons are made in York-
shire, the best known in the United States being those from
the Low Moor, the Bowling, and the Farnley works, and sold
in the trade as “best Yorkshire” irons.

41. The Manufacture of Boiler-plate, iron or steel, is not
essentially different in method from the making of other iron
and steel “uses.” Iron boiler-plate is made from puddled or
scrap iron, the ‘process of puddling being always that which is
resorted to in the reduction of the carbon and the production
of the wrought-iron from the cast. In the rolling of plates, the
wrought-iron, in bars, slabs, or miscellaneous scrap, is formed
into “ piles” of the proper size and form, which, after being
heated to a full welding temperature, are passed through a
heavy roll-train of sufficient size and power to weld the con-
stituent pieces into a comparatively solid mass, and to reduce
-that mass to the desired thickness. The pile is made of such
size and shape as may be found to give the proper form and
dimensions of sheet.

Steel plate is oftenest produced by the Siemens-Martin
process of reduction of cast with wrought iron of selected qual-
ities, in the ‘“open-hearth” or Siemens regenerative furnace,
securing freedom from cinder by stirring, and from oxide by
the addition of manganese in the form either of spiegeleisen
for hard or of ferro-manganese for soft steels, and then, while
still very fluid, tapping into the ingot-mould, whence the ingot,
when sufficiently cooled, is taken to be rolled into plate. An
intermediate reheating of the ingot, or a period of * soaking” in
hot “ soaking-pits,” is very generally found advisable to secure

.
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a comparative uniformity of temperature throughout the ingot,
in order that it may be successfully rolled.

The Bessemer process produces ‘“steel,” or more correctly
“ingot-iron,” boiler-plate by a very similar scries of chemical
operations; but it usually deals with larger masses, and fur-
nishes, as a rule, harder steels. The rolling of steel demands
the use of very powerful roll-trains. Steel boiler-plates are made
20 feet long or more, 10 feet wide, and 1§ inches thick.

Comparing the two processes, it is seen that the wrought-
iron plate must necessarily retain some of the slag which came
into it from the puddle-ball, and that it must be liable to de-
fects in welding where the several pieces of which the pile is
composed come together, especially should those surfaces be
covered, as is often the case, with a heavy coating of oxide.
Iron plate must thus always exhibit some defect of homo-
geneousness, and may be seriously defective in consequence of
*“lamination” produced as just described. On the other hand,
steel, whether made by the crucible, the Bessemer, or the
Siemens-Martin process, is always very-uniform in texture, and
is usually so in composition. ' The molten mass allows all slag
and oxide to rise to its surface, and thus the fibrous and lami-
nar character of iron is avoided, while the subsequent processes
do not involve necessity of welding part to part. It thus hap-
pens that while iron boiler-plate is a mass of heterogeneous
constituent elements, and liable to a thousand defects, steel is
equally remarkable for its unity, homogeneousness, and re-
liability. .

When an iron surface, parallel to the line of direction of
rolling of plates, or of drawing down of pieces made or shaped
under the hammer, is etched, it exhibits plainly the lines of
“fibre” produced by the drawing out of the cinder originally
present in the puddle-ball, and reveals any defective weld or
the presence of any mass of foreign material. When a cross-
section is made, as in the cases exhibited in the preceding
figures, the character of the piling is shown, and also that ot
the workmanship. In these examples, which are reduced to
one half the size of the originals, Fig. 56 is a section so etched
of an iron locomctive axle, and Fig. 57 of a steel axle of similar

7
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size and design. The beautiful homogeneousness of good steel
is exhibited by the almost perfect uniformity of the color and
texture of the surface; while the irregularity both of color and
structure of the other illustration reveals plainly the reasons
for the variable wearing quality and the inevitable uncertainty
of strength which must always attend the use of forged iron,
and especially when made of “scrap.” It is evidently hope-

Fic. 56 —LocomoTIvE AXLE— Fi1G. s7.—LocomoTive AxLE—
** SpeciaL’’ IRoN. TEEL.

less to secure perfect uniformity of structure, texture, and
strength, or even to obtain soundness, where such great num-
bers of welds are to be made, and where so much impure and
foreign material is distributed, hap-hazard, through the mass.

- 42. The Methods of Test of iron and steel, relied upon
to reveal the properties and quality of the metal, are becoming
well understood and standardized, and are universally practised
in all important work by experienced and skilful engineers.

Testing Machines arc used for testing small sections and
pieces of moderate length. They are usually built by manu-
facturers who make a business of supplying them to engineers
and other purchasers, and are generally made of several stand-
ard sizes. The machine is frequently fitted up to test both
longitudinally and transversely; although the tests generally
made are in but one direction. The Author has been accus-
tomed to keep in use a machine specially intended to test in
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tension and compression, and also separate machines for trans.
verse and torsional tests. A tension-machine is shown in Fig.
5%: it consists of two strong cast-iron columns, secured to a
massive bed-trame of the same material; above these columns
is fastened a heavy cross-piece, also of cast-iron, containing two
sockets, in which rest the knife-edges of a large scale-beam.
The upper chuck is suspended by eye-rods from knife-edges.
All the knife-edges are tempered steel, and the sockets and

F1G. 58.—TENsION TESTING-MACHINE.

eyes are lined with the same material, thus reducing friction to
o minimum. The load is applied by means of a screw, or by
the hydraulic press, with a fixed plunger and movable cylinder.
The stress to which the test-piece is subjected is measured by
means of suspended weights and a sliding poise. The speci-
men is secured in the chucks either by wedge-jaws or bored
chucks.

The extensions are measured by means of an instrument
(Fig. 59) in which contact is indicated by an “electric contact
apparatus.” This instrument consists of two accurately made
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micrometer screws, working snugly in nuts secured in a frame

which is fastened to the head of the specimen by a screw

clamp. It is so shaped that the mi-

crometer screws run parallel to and

equidistant from the neck of the spec-

imen on opposite sides. A similar

;-frame is clamped to the lower head of

the specimen, and from it project two

Q insulated metallic points, each opposite

one of the micrometer screws. Elec-

tric connection is made between the

¢ two insulated points and one pole of a

voltaic cell, and also between the mi-

n crometer screws and the other pole.

As soon as one of the micrometer

screws is brought in contact with the

opposite insulated point a current is

established, which fact is immediately

revealed by the stroke of an electric bell placed in the circuit.

The pitch of the screws is 0.02 of an inch (0.508 mm.), and their

heads are divided into 200 equal parts; hence a rotary advance

of one division on the screw-head produces a linear advance
of one ten-thousandth (0.0001) of an inch (0.00254 mm.).

A vertical scale, divided into fiftieths of an inch (0.508 mm.),
is fastened to the frame of the instrument, set very close to
each screw-head and parallel to the axis of the screw; these
serve to mark the starting of the former, and also to indicate
the number of revolutions made. By means of this double in- .
strument the extensions can be measured with great certainty
and precision, and irregularities in the structure of the material,
causing one side of the specimen to stretch more rapidly than
the other, do not diminish the accuracy of the measurements,
since half the sum of the extensions indicated by the two screws
is always the true extension caused by the respective loads.

The use of the hydraulic press is occasionally found to bring
with it some disadvantages. The leakage of the press or of the
pump is itself objectionable, and, where leakage occurs, it is
difficult to retain the stress at a fixed amount during the time

F1G. 59.—MEASURING INSTRUMENT.
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required in the measurement of extensions. In such cases ab-
solute rigidity in the machine is important, and the stress should
be applied by mechanism, which usually consists of a train of
gearing operated by hand or by power transmitted from some
prime mover, and itself operating a pulling or compressing
screw, as in Fig. 56.

The “ Autographic” Testing-Machine devised by the Author
is used where it is desired to obtain a knowledge of the general
character of the metal, including its elasticity and resilience,
and the method of variation of its normal series of elastic limits,
and where a permanent graphical record is found useful. It is
shown in the accompanying figure.

Fig. 61 is a perspective view of this machine. It consists of
two A-shaped frames firmly mounted on a heavy bed-plate.
The frames are secured to each other by cross-bolts. Near
the top of each of these frames are spindles, each of which
has a head with a slot or jaw to receive and hold the square
heads of the specimens. The two spindles are not connected
to each other in any way, excepting by the specimen which is
placed in the jaws to be tested. To one spindle a long arm is
attached, which carries a heavy weight at the lower end. The
other has a worm-gear wheel attached to its outer end. This
wheel is driven by a worm on the shaft which is turned by a
hand crank. When a specimen is placed in the two jaws, and
the spindle is turned by the worm-gear, the effect is to twist
the specimen which would turn the spindle; but in order to do
this the weight on the end of the arm must be swung in the
direction in which the specimen is twisted. But the farther
the arm is moved from a vertical position, the greater will be
the resistance of the weight to the turning of the shaft, while
the movement of the arm and weight is effected by the force
exerted through the specimen so that the position of the arm
and weight will at all times give a measure of the torsional
stress, which is exerted on the specimen by the one spindle,
and transmitted by the former to the other spindle.

But as this torsional stress which is exerted on the specimen
is increased, it will at once commence to “give way,” or be
twisted more or less by the stress according to the quality of

’
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the material. In making such torsional tests, it is essential that
we should know how much the specimen was twisted, as the
strains to which it was subjected were increased. If we could
procure a record of this, it would be an indication of the capac-
ity of the material to resist such stresses, or, in other words, of
its quality. The testing-machine which has been described
was designed by the Author for this purpose. The record is
made in the following way : To one spindle a cylindrical drum
is attached, which is covered with a suitable sheet of paper.
To the pendulum, is attached a pencil, the point of which
bears on the paper on the drum. Now supposing that the
specimen in the machine should offer no resistance, but should
merely twist, the pencil would then remain stationary, and as
the drum is revolved the pencil would trace a straight line on
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Fic. 60.—TrsTPIECE.

the paper, the length of which line would measure the amount
by which the specimen was twisted. If, on the other hand,
a specimen be supposed to resist and to twist simultaneously,
as is always the case, then it will presently be seen that the
spindle would be turned, and the arm with the weight would
be moved from a vertical position a distance proportional to
the strain resisted by the specimen. The pencil-holder, being
attached to the arm, would move with it. As explained be-
fore, the distance which the arm and its weight are moved
from a vertical position indicates the stress on the specimen.
Next, in order to make a record of this distance, a “ guide-
curve” is attached to the frame of the machine, so that when
the pencil-holder is moved out of the vertical position the pen-
cil is moved toward the left by the guide-curve, which is of
such a form that the lateral movement which it gives to the
pencil is proportional to the moment of the weight on the end
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of the arm. Now suppose, if such a thing were possible, that
a specimen were tested which would not “ give” or twist at all:
in that case the spindles, the drum, and the pencil would turn
together, or their movements would be simultaneous, so that
the pencil would draw a vertical line along the paper. But

F16. 61.—AUTOGRAPHIC MACHINE.

there is no material known which would not yield or twist
more or less, so that the pencil will always draw some form of
curved line, which indicates the quality of the material tested.
The test-pieces are held in a central position in the jaws by
lathe “ centres,” which are placed in suitable holes drilled in the
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spindles for that purpose. The specimen is then held securely
by wedges. In the diagrams each inch of ordinate denotes 100
foot-pounds of moment transmitted through the test-piece, and
each inch of abscissa indicates 10 degrees of torsion. The fric-
tion of the machine is not recorded, but is determined when the
machine is standardized, and is added in calculating the results.

By the use of this machine the metal tested is compelled
to tell its own story, and to give a permanent record and
graphical representation of its strength, elasticity, and every
other quality which is brought into play during its test, and
thus to exhibit all its characteristic peculiarities.

The figures on page 105 are derived from a test by tension,
as made for the Author. On page 106 is given the record of
a test of steel made by the Ordnance Department, U. S. A.

43. Tests of Strength and Ductility of irons and steels
have now been made in such numbers, and with such a variety
of composition, that the engineer designing or constructing
boilers need have no doubt in regard to the character of the
metal to be incorporated in the structure.

The mean of a considerable number of experiments on ex-
cellent American iron boiler-plate, made under the eye of the
Author, gave a tenacity of 54,000 pounds per square inch
(3795.2 kilogs. per sq. cm.) with a variation of g per cent;
flange-iron averaged but 42,000 pounds (2952.6 kgs. per sq.cm.)
with a variation of nearly 40 per cent; the highest-priced,
and presumably best, plate in the market averaged very nearly
60,000 pounds (4218 kgs.), varying 14 per cent; and com-
mon tank-iron showed practically the same tenacity and varia-
tion as the flange-iron, and less ductility. Thoroughly good
Pennsylvania plate, in other experiments, gave, for all good
grades, tenacities not ranging much from 55,000 pounds per
square inch (3866.5 kilogs. per sq. cm.), and an elastic limit at
60 per cent of the ultimate strength. Such tenacity is not
usually to be expected when buying in the market, and it is
very common, when designing boilers the material of which is
not prescribed, for the designer to assume that its tenacity may
not exceed 40,000 pounds (2812 kgs.). On the other hand, a
contract and specification prescribing careful test may some-
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TEST OF WROUGHT-IRON; LENGTH 8” (19.32 cm.), DIAM. 0.798” (2.03 cm.).

Loaps. EXTENSIONS. SxTs.
MicrOMETER
ReaDINGS.
Actual. | Persq.in Actual. | Percent. | Actual. |Per cent.
160 | ..... . 6600 <7913 | ..... !
2,000 4.000 .6628 .7910 .00I3 | 016 | .... oo
4,000 8,000 .6637 .7922 .0023 | .029 teee rene
6,000 12,000 .6646 .7930 .0035 | .044 cees e
8,000 16,000 . 6606 .7946 .0050 | .003 vee- ceen
10,000 20,000 .6630 .7948 .0058 .073 ceee veee
150 .6600 7914 | eieen .0001 .001
11,000 22,000 .6639 .7951 .0064 .030 e Ceen
12,000 24,000 .6700 .7953 .0070 .037 vees e
150 | .e.ee .6603 L7915 | ..., 0003 004
13,000 26,000 .6715 .7967 .0080 .100 .
13,500 27,000 .6728 .7959 .0087 .109
14,000 28,000 .7242 .8424 .0577 .721 e ceen
IS0 | ..e.e .7133 .8351 e .0486 .608
15,000 30,000 .753% .8712 .0867 1.084 e .
150 L7417 .8632 | ..... .0763 .g60
17,000 34,000 .8374 .g618 .1790 2.238 P eee
150 | ..... .8326 .9518 | ..... .1066 | 2.083
19,000 38,000 .9720 | 1.08s56 .3032 3.790 | .... cee
150 | ..... .9gs62 | 1.0732 | ..... Lo .2391 | 3.613
21,000 42,000 1.1710 1.2811 .5004 6.255 eee
150 | ..... 1.1524 1.2663 | ..... .4337 | 6.043
22,000 44,000 1.3303 1.4381 .6586 8.233 vees e
150 |  ..... 1.3102 | 1.4212 | ..... .. .6401 | 8.001
22,500 45,000 | 1.4575 | 1.5441 .7752 9.6g0 | ....
23,000 46,000 1.5610 | 1.6670 .8884 11.10§ ceen
23,500 47,000 1.7646 1.8693 1.0913 13.841
23,750 47.500 9.47 1.4700 | 18.37%
21,800 43,600 9.54 1.5400 19.250

Lbs.
13,500

BELASTIC LIMIT.
ACTUAL.

Kgs.
6,140

8q. in.
27,000

BREAKING LOAD.

ORIGINAL SECT.

Lbs. per
sq. in.
47,300

Kgs. per
8q. cm.
3,340

FracTurep SkcT.

Kgs. per

Lbs. per
8q. in.
69,840

sq. cm.

m.
4,910

Ultimate Elongation, per cent. of
length = 19%.

Reduction of Area. per cent, = 31.99

Modulus of Elasticity = 24,365,000
Ibs. on sq. in.

Modulus of Elasticity = 1,712,860
kilogrammes on sq. cm.

FINAL DIMENSIONS.

Length =gq".54
Diameter = 0".658
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EXTENSION. RESTORATION. AND PERMANENT SET OF A SOLID CYLINDER
OF STE INCHES LONG (BETWEEN SHOULDERS) AND o.62s INCH
DIAMETER. %AKEN FROM BREECH-RECEIVER FOR 1:-INCH BREECH-
LOADING RIFLE.

Weighl ) : Successive ccessive | Per S ive
per tquare Ex:e?:&n Extension , R“'rolr;é;:’“ Reuorunon Set Permanent
inch of -peLe th per inch urel.en Ih ] per inch perinch |Set per inch
Section, | '® “€N8N. | in'[ ength. ! €' | in Length. | in Length. | in Length.
Powunds. Inches. | Imches. | Imches. | Imches. Inches. Inches.
1,000 ©.00000 0.00000 0.00000 | ©0.00000 0.00000 0.00000
2,000 00000 .00000 | .00000 . 00000 00000 00000
3,000 00000 .00000 | 00000 00000 00000 00000
4,000 .00033 .00033 .00033 i .00033 00000 00000
5,000 .00033 00000 .00033 | 00000 00000 00000
6,000 .00033 :00000 00033 +00000 00000 .00000
z,ooo .00033 00000 .00033 00000 00000 00000
4,000 .00033 00000 .00033 +00000 00000 .00000
9,000 .00033 .00000 | .00033 00000 00000 00000
20,000 .00033 00000 .00033 00000 00000 00000
12,000 .00033 00000 .00033 00000 00000 00c 00
12,000 .00033 « 00000 .00033 + 00000 + 00000 + 00000
13,000 .00033 00000 .00033 | 00000 00000 00000
14,000 .00033 .00000 .00033 00000 00000 00000
15,000 .00033 . 00000 .00033 ! 00000 00000 00000
16,000 B .00034 .00067 .00034 00000 00000
17,000 .00067 00000 00067 00000 00000 00000
x; 00067 .00000 R 00000 .00000 00000
19,000 .00133 00066 00100 .00033 .00033 .00033
20,000 .00233 00100 .00100 00000 .00133 .00100
21,000 .00300 .00067 .00100 00000 .00200 .00067
22.000 00400 00700 .00100 00000 00300 .00100
23,000 .00467 00067 .00100 00000 .0036§ 0006y
24,000 .00533 .00066 .00100 00000 .00433
25,000 .00633 .00100 | oo133 ' 00033 .00500 .00067
26,000 00700 .00067 .00133 00000 .00567 .000b7
+ 27.000 .00767 00067 .00133 . 00000 .00633 00066
28,000 00900 .00133 .00100 |, —.00033 00800 .00167
29,000 00967 .00067 .0o100 | 00000 .00867 00067
30,000 01067 .00100 .oo133 .00033 .00933 00066
31,000 .01200 .00133 .00133 00000 .ol°81 .0013,
332,000 .01300 .00100 | oo167 ! 00014 01133 00963
33,000 01433 .00133 | .o0167 00000 .o1267 001
34,000 .o1567 .00134 | .00133 —.00034 101433 .00t
35,000 .01 .00133 I 00133 00000 01567 .00134
36,010 .or .00100 oo133 ' 00000 .01667 .00100
37,000 .01967 .00167 00133 | 00000 .01833 .00166
38,000 .02133 00166 .co0167 .00034 01967 .00134
39,000 .02433 .00300 .00167 00000 .02267 .00300
40,000 .02567 ~00134 .00167 00000 .02400 .00133
41,000 .02733 .00166 .00167 00000 .02567 ootg7
42,000 .02867 .00134 .00167 .00000 .02 .00133
43,000 .03033 .00166 00200 .00033 .02833 .00133
44,000 .03300 .00267 .00233 .00033 .03067 .00234
45,000 103433 .00133 00200 -=.00033 .03233 .001
46,000 .03900 .00467 .00233 .00033 .03667 ooqgg
47,000 04167 .00267 .02223 00000 .03933 002!
48.000 .04367 00200 .00233 00000 .04133 .00200
49,000 04700 .00333 .00267 .00034 104433 .00300
50,000 .05100 00400 .00200 —.00067 04900 .00467
51,000 .05533 -00433 00300 .00100 05233 .00333
§2.000 .06067 .00534 .00233 —.00067 .05833 00600
53,000 06667 00600 . 00300 .00067 .06367 .oosgz
54,000 06807 .00200 .00233 | =—.00067 .06633 002
5§5.000 .07867 .01000 .00300 00067 .07567 .00934
§6.000 «08333 .00466 .00300 | 00000 .08033 .00466
§7,000 .09500 .ot167 .00300 I . 00000 .00200 .01167
Z .10233 .00733 .00333 .00033 «09Qoo »00700
§9,000 .11800 01567 00333 00000 11467 01567
60,000 . 13700 .01900 .00367 100034 .13333 .01866
61,000 16900 .03200 0.00400 0.00033 0.16500 0.03167
62.000 0.30367 0.13467 (*) ! (*) (*)

* Specimen broke.
GENERAL SUMMARY.
Tensile Strength persq.in......... bs. 62,000 | Original area of cross-section...sq. in. o.3038
Elastic limit ..lbs. 19,000 | Area after rupture........ .in. o161z
Extension per in. at elastic limit....in. o.co133 | Position of rupture.. from shoulder.
Extension per in, at rupture........ in. 0.30367 | Character of fracture....... oe.... ...Fibrous,
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times secure iron, if thin, capable of sustaining 60,000 pounds per
square inch (4218 kilogs. persq. cm.). A fair contract figure, and
one that may be assumed in designing when the iron is to be
thus selected and tested, would be considered to be 55,000
pounds (3867 kilogs.).

Steel boiler-plate of high tenacity is so certain to involve in
its use risk of cracking, either in the process of construction, or
later, after exposure to variations of temperature, and to alter
so seriously and so uncertainly in all its physical properties,
that specifications usually prescribe that it shall not exceed
60,000 pounds (4218 kilogs.) tenacity, and in some cases the
figure is put even lower. When first introduced, tenacities
much greater were allowed for steels, and great risks, and often
serious accidents and losses of life and property, were the conse-
. quence. All good boiler-irons should be expected to stretch at

least 20 per cent of the length of the test-piece, the latter being
made at least four or five, and better eight or ten, diameters,
or breadths in length. The best irons stretch 25 per cent, and
the best steels even more. Thick plates have less tenacity and
less ductility than thin.

The “ bending test ” is one which only the best of irons and
the softer steels will bear. The strip cut from the sheet for
test, the “ coupon” as it is called, if of less than # inch thick-
ness, should bend completely over and be hammered flat upon
itself, as in the figure.

F1G. 62.—BenNDING TesT.

Steels subjected to the “temper test,” by heating the sam-
ple red-hot and quenching in cold water, should then, if of
good quality for boilers, be capable of successfully passing the
bending test; but it is not usually demanded that it shall close
down flat. If it bends to a circle.of a diameter less than three
times its own thickness, it is accepted. Steels subjected to the
“drifting test” are commonly drilled with a §-inch drill, and
the hole drifted out as large as possible. If it is enlarged to
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double its original diameter, the metal is usually accepted,
but it is sometimes demanded that it shall bear extension to
two inches in diameter, as for example at Crewe, on the Lon-
don and Northwestern Railway of Great Britain.

44. Specifications of Quality, as well as of kind and form,
of materials proposed to be used in steam-boiler construction
are so drawn as to secure not only an understanding on the part
of the maker or vender of the exact nature of the intended
provisions, but also a means of certainly determining whether
those specifications and the contract are fully complied with.

Wrought-iron and steel, as has been seen, are very variable
in strength and other qualities. For small iron parts, a tenacity
of 55,000 to 60,000 pounds per square inch (3867 to 4218 kilo-
grammes per square centimetre) is usually called for; but the
strength of plate or of large masses is rarely three fourths as
great. The specification usually calls for “iron of the best
quality,” tough, of a definite tenacity, fibrous, free from cinder-
streaks, flaws, lamination or cracks, uniform in quality, and
with a prescribed elastic limit, and often a stated modulus of
elasticity. Even the method of piling, heating, and rolling or
hammering is specified.

As has been shown fully in the preceding chapters, the di-
mensions must be determined after a careful consideration of
the character and the method of application of the load, as
well as of its magnitude, and allowance must be made by the
engineer for the effect of heat or cold, of repeated heating in
the process of manufacture, for the rate of set under load, for
the rapidity of its application, or for the effect of repeated or
reversed strains.

The differences in the behavior of the several kinds of iron
or steel under the given directions must be considered in pro-
portioning parts. Thus unannealed iron or “low” steel will be
chosen for parts exposed to steady and heavy loads; the use of
annealed metal will be restricted to cases in which the primary
requisite is softness or malleability ; steel containing about 0.8
per cent carbon will be given the preference for parts exposed
to moderate blows and shocks which are not expected to ex-
ceed the elastic resilience of the piece; tough, ductile metal,
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preferably “ingot iron,” will be chosen for parts exposed to
shocks capable of producing great local or general distortion.

“ Wohler's Law” dictates the adoption of increased factors
of safety, or of some equivalent device, as Launhardt’s formula,
when variable loads are carried. Thus the engineer is com-
pelled to make a specification, in very important work, which
shall prescribe all the qualities of materials and exactly the
proportions of parts needed to make his work safe for an in-
definite period.

Steel has such a wide range of quality that few difficulties
are met with in its introduction into any department of con-
struction. In boiler-work, however, it must be kept low in car-
bon, and therefore in tenacity; and in machinery and bridge
work, also, its composition must be carefully determined upon,
and as exactly specified.

The following are good specifications for boiler-work:

Steel Sheets—Grain—To be uniform throughout, of a fine
close texture. Workmanship—Sheets to be of uniform thick-
ness, smooth finish, and sheared closely to size ordered. Zensile
Strengtk—To be 60,000 pounds to square inch for firebox
sheets, and 55,000 pounds for shell sheets. Working Test—A
piece from each sheet to be heated to a dark cherry red, plung-
ed into water at 60°, and bent double, cold, under the hammer;
such piece to show no flaw after doubling.

Iron Sheets—Grain—To be uniform throughout, showing
a homogeneous metal with no layers or seams. Workmanship
—Sheets to be of uniform thickness, smooth finish, and sheared
closely to size ordered. Tensile Strength—To be 60,000 pounds
to the square inch for firebox sheets, and 55,000 pounds for
shell sheets. Working Test—A piece from each sheet to be
bent cold to a right angle, showing no fracture. A piece bent
double, hot, to show no flaking or fracture.

Specifications for Boiler Tubes.—Size—Locomotive tubes
to be 12 feet long and 2 inches diameter; to be of iron, No.
11 gauge. Quality of Metal—When flattened under the ham-
mer to show tough fibrous grain; when polished and etched
with acid to show uniform metal and a close weld. Working
Zests—When expanded and beaded into the flue-sheet to show
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no flaws; to stand “swaging down" hot without flakes or
seams.

The following are specifications for Boiler and Firebox Steel -
(1) A careful examination will be made of every sheet, and

none will be received that show mechanical defects.

(2) A test strip from each sheet, tested lengthwise.

(3) Plate will not be passed for acceptance when of
strength of less than 56,000 or greater than 65,000 pounds per
square inch, nor if the elongation falls below twenty-five per
cent or below 1,400,000 = 7.

(4) Should any sheets develop defects in working they will
be rejected.

(5) Manufacturers must send one test strip for each sheet
(this strip must accompany the sheet in every case), both sheet
and strip being properly stamped with the marks designated
by the company, and also lettered with white lead, to facilitate
marking.

The U. S. Board of Supervising Inspectors of Steam-vessels
restrict the stress on boiler stays and braces to 6000 pounds
per square inch (4218 kilogrammes per square centimetre). For
shells of boilers, a factor of safety of 6 is permitted in design-
ing. The hydrostatic pressure applied in testing is one half
greater than the steam-pressure allowed. All plates must be
stamped by the maker with the tenacity, as determined by test,
at the four corners and in the middle. The elongation is not
noted, as the form of United States standard test-piece is
unfitted to determine it.. The contraction of area of section at
fracture must be 0.15 when the tenacity is 45,000 pounds and
one per cent more for each additional 1000 pounds.

Hot-short, or red-short, and cold-short irons are detected by
the forge tests; the former is often found to be an extellent
quality of iron if it can be worked into shape, as it is, when cold,
tough and strong. Specially high qualities are rarely economi-
cal, as they usually cost too much to make the difference worth
what is paid for it. Shapes difficult to make or roll are usually
weaker than others. Mills will usually supply “pattern iron,”
charging a little extra for it; but it will often be found economi-
cal to order them, if such shapes are necessary. In designing,
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however, it is well to avoid the introduction of peculiar shapes,
if possible.

All wrought-iron, if cut into testing strips one and a half
inches in width, should be capable of resisting without signs of
fracture, bending cold by blows of a hammer, until the ends of
the strip form a right angle with each other, the inner radius of
the curve of bending being not more than twice the thickness of
the piece tested. The hammering should be only on the ex-
tremities of the specimens, and never where the flexion is tak-
ing place. The bending should stop when the first crack ap-
pears.

All tension tests should be made on a standard test-piece of
one and a half inches in width, and from one quarter to three
quarters of an inch-in thickness, planed down on both edges
equally so as to reduce the width to one inch for a length of
eight inches. Whenever practicable, the two flat sides of the
piece should be left as they come from the rolls. In all other
cases both sides of the test-piece are planed off. In making
tests the stresses should be applied regularly, at the rate of
about one ton per square inch in fifteen seconds of time.

All plates, angles, etc., which are to be bent in the manu-
facture should, in addition to the above requirements, be
capable of bending sharply to a right angle at a working test,
without showing any signs of fracture.

All rivet-iron should be tough and soft, and pieces of the
full diameter of the rivet should be capable of bending until
the sides are in close contact, without showing fracture. '

All workmanship should be first-class; all abutting surfaces
planed or turned, so as to insure even bearing, taking light cuts
so as not to injure the end fibres of the piece, and protected by
white lead and tallow. Pieces where abutting should be brought
into close and forcible contact by the use of clamps or other
approved means before being riveted together. Rivet-holes
should be carefully spaced and punched, and in all cases reamed
to fit, where they do not come truly and accurately opposite,
without the aid of drift-pins. Rivets should completely fill the
holes, and have full heads, and be countersunk when so required.

The following are specifications originally issued by the
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United States Navy Department, which indicate the relation
of variation of tenacity to the corresponding change in ductil-
ity where the quantity of carbon in steel is altered :

TrNACITY.
~ ExTension.
Lbs. per sq. in. Kilos. per sq. cm. Per cent.
60,000 4218 25
70,000 4921 23
80,000 5624 19
90,000 6327 12

A cold-bending test is demanded thus: Bend the strip over
a mandrel of a diameter 14 times the thickness of the plate,
through an arc of 90°, and no cracks must appear. In the
Appendix will be found sample specifications fcr boiler-steel
as written by builders.

Every reputable maker stamps his iron, not only with the
figures indicating the tenacity, as required by law, but also, in
the case of thoroughly good qualities, with their names. Where
the brand is not found, it is assumed by the experienced en-
gineer that the metal is not of such high quality as to do credit
to the maker. All good plate is expected to have fair tenacity
and high ductility, and good flange-iron should not deteriorate
appreciably in working.

45. Choice of Quality of Metal for the Various Parts
of a boiler or other structure is made with the greatest care by
the designer and by the constructor. The furnace, exposed as
it-is to variations of temperature, to the corrosive effect of hot
gases, and to the mechanical wearing action of the cinder and
coal carried by their rapidly moving currents, is made of the
harder qualities of iron or steel already described. The tubes,
flues, and the flue-sheets are composed of comparatively ductile
material, such as may be safely.shaped in accordance with the
plans of the designer; the shell may be of cheaper material;
while all stays and braces must be made of the strongest and
toughest metal available. Each grade should be carefully pre-
scribed, and the iron or steel proposed for use as carefully in-
spected and tested before it is introduced into the structure.
It is sometimes advisable to substitute copper for iron, espe-
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cially in the firebox; and in such cases sheet-copper of a tena-
cious and somewhat hard quality should be adopted. This ma-
terial usually has about two thirds the strength of good iron,
with greater ductility and flexibility, and resists the action of
the furnace gases better than iron boiler-plate.

46. The Methods of Working the materials introduced
into steam-boilers are adapted very carefully, in every case, to
the known requirements of each quality so used. The frequent
injury of steel and of hard iron plates by punching and by too
abrupt change of form have led engineers to prescribe in
many cases that all steel plate shall be drilled for the insertion
of rivets, and not punched, and to direct the bending of the
plate over rounded edges having comparatively large radii of
curvature. All wrought-iron work in boilers, when subjected
to any considerable change of form, should be worked at a
bright-red heat, approaching the welding temperature; steel
should be handled, in such cases, at a “ cherry-red " heat.

Great alteration of shape, if effected at ordinary tempera-
tures, should be made slowly and carefully, and it may even be
well in some instances to allow intermissions in such opera-
tions sufficient to permit the particles some opportunity of
self-adjustment. It may be taken as a general rule in the work-
ing of all materials for steam-boilers, that the methods and pro-
cesses chosen should always be such as will be least likely to
strain or to injure, either generally or locally, the iron or steel
so used.

47. Special Precautions in Using Steel are found to be
necessary to secure safe construction. Construction in steel
demands more care than the making of iron boilers, and a good
boiler-maker for the latter class of work is not necessarily a
good worker of steel. In handling steel for boilers there should
be no unnecessary local heating. If so heated, steel should
always be subsequently annealed. The plates for the cylindri-
cal shells of boilers should be carefully bent to shape when
cold. The rivet-holgs should usually be drilled, not punched,
and the drilling should be done after the plates are bent to
shape, and bolted together in position. The longitudinal
joints in the shell are best made with double butt-strips, one

8
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being placed inside, and the other outside, to form a “butt
joint.” .

The tests of the plate supplied on specifications, and under
contracts, should be even more carefully and minutely made
than with iron; every operation must be more carefully con-
ducted and supervised, and the completed boiler should be
inspected and tested with the greatest possible care. If it is
well made and of good material, it will be a more satisfactory
construction than any iron boiler can possibly be; a mistake in
accepting and using steel ill adapted to the purpose may
produce an exceedingly dangerous and unsatisfactory boiler.
Steel of good quality, and well adapted for other construction,
is not necessarily safe for use in steam-boilers.

Many engineers would anneal every plate of steel used,
whatever its apparent quality, to insure its safety in the struc-
ture, and it has even been suggested that it would be well, were
it practicable, to anneal the whole boiler after completion.*
Too great care cannot be taken in selecting the metal.

48. Rivets and Rivet-Iron and Steel are necessarily of
especially good quality. The rivet must be strong, tough, and
ductile, and capable of bearing the severest deformation at all
temperatures without injury. It is customary to ‘“head-up”
rivets hot; but medium-sized and small rivets, in some locali-
ties, are worked cold, and this is the most trying test of quality
possible. Rivets of less than $-inch (0.95 cm.) diameter are
very commonly driven cold. Rivet-iron should, in the bar,
have a tenacity approaching 60,000 pounds per square inch
(4218 kgs. per sq. cm.), and should be as ductile as the very
best boiler-plate when cold. The rivet should be capable of
bearing the change of form incidental to its use without ex-
hibiting a tendency to split; the head should not seriously
harden or become brittle under the blows of the hammer; and
the contraction on cooling, after it has been headed up, should
not cause weakening by the stress incident to the strain so
produced. A good iron rivet § inch (1.6 cm.) diameter can be
doubled up and hammered together, cold, without exhibiting

* Trans. Am. Soc. M. E., 1887, No. ccxlvi.
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a trace of fracture. Such a rivet, split and “etched ” on the
cut surfaces, shows a smoothly curved grain, uniform texture
and color, and no visible sign of the presence of slag. Such a
rivet, made of good rivet-steel, will show absolute uniformity
of surface, and no trace even of “grain.”

The chemical composition of these rivet-steels should be as
nearly as possible that of the best rivet-irons; they should con-
tain the least possible proportion of the hardening elements,
including carbon and manganese, as well as phosphorus, and
should be so pure as to readily take a surface like that of a
mirror, when polished.

49. The Sizes of Rivets, their form and stlength are
quite well settled by experience and by test. The rivet con-
sists, as supplied by the market, of a straight or slightly tapered
body, circular in section, and having a head 1.5 or 1.6 the di-
ameter of the shank; the latter is 2 to 3 or 4 per cent smaller
than the hole which it is to fill, and tapers toward the end to
a diameter about 0.95 that of the hole. The head is cylindri-
cal, and has a thickness 0.7 or 0.75 the diameter of the body of
the rivet. The length of the shank or body is 2.25 or 2.50
times the diameter of the hole, and the latter is often equal to
the double thickness of plates held together by it. When in
place, the small end is driven down by hand-hammers or by the
riveting machines to form a cone-shaped or hemispherical
head, the sheets riveted together being thus confined by the
two heads and sustained by the strength of the shank against
any force tending to separate them. The principal stresses
exerted on the rivet are usually shearing. The rivets, when
heated, should be brought up to a full, clear red heat. A
simple rule sometimes used to determine the diameter of a
rivets is that of Unwin, who makes this diameter

d=1.24%,

in which # is the thickness of the single plate or sheet. The
following table is thus obtained, taking the nearest {th:
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Thickness Diameter, 4, Thickness Diameter,

of Plate. of Rivet. of Plate. of Rivet.
3 cicetisenss. ¥ =o0.50 P8 cceeiecinene § =086
Lo ocovrrcnniens 5 = 0.56 . #§ =004
BRI .. 4§ = 0.68 .o Ifg = 1.06
TE cecoveses .. $§ =075 F ceeiieeiann 1} = 1.13
[ 1t = o.80 I veeivee.cees IE = 125

The driven rivet is something like four or five per cent
larger than the undriven.

The following table gives the proportions of rivets adopted
in some of the best establishments in the United States,* and
the relative strength of joint secured:

TABLE OF THE PROPORTIONS OF RIVETS.

Thickness of plate........ ceenes 3 5 3 i; i
Diameter of rivet............... § } 1
Diameter o' rivet-hole . ] B FY H + H
Pltch—-smglc-nwetmg. Cereenans 2 24 | 2% 2/ 2}
Pitch—double-riveting . . 3 3% 3t 3 3t
Strength of smgle-nvetcd Jomt .66 .64 .62 .60 .58
Strength of double-riveted ]omt .77 .76 .75 .74 .73

Plates more than 3" thick should never be joined with lap-
joints. When it is necessary to use them a butt-joint with a
double fish-plate should always be used. (See Appendix for
tables of sizes and numbers per 100 Ibs.)

The common proportions of rivets, as given by Unwin,t are
seen in the accompanying figure; that
illustrated is of such form as will permit
the formation of the conical head, the
total length being about 2} times the
diameter when a double thickness of
plates is to be secured together.

The next figures exhibit the differ-
ence in proportions of rivets for hand-
riveting and for steam-riveting, as given

Fic. 63. by the same authority; the first figure
showing two forms of head for hand-work, the second two for

* Locomotize, July, 1882,
t Machine Design,
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steam-riveted work: one of each pair is set in a straight hole,

ey A il
o o5
H
¢ o
Sy ——
FiG. 64. ’ Fic. 6s.

the other in a chamfered hole. The next figure gives the pro.
portions for a countersunk rivet, used in ship-building.

50. The Strength of Seams, when riveting is used, varies
with the character of the metal, the method of riveting, and
the quality of workmanship. A single-riveted joint has usually
not far from 60 per cent of the strength of the solid sheet, a
double-riveted seam 70 per cent; and
the strength may be still further in-
creased by adding to the number of
tows of rivets, with proper distribu-
tion. The joint is so .proportioned
that the fracture will occur by shear-
ing the rivets rather than by breaking
out the edge of the sheet or tearing
away the lap bodily. The lap usually
extends beyond the rivet-hole about
1.5 times the diameter of the rivet.

To secure maximum “efficiency” of seam, i.e., equal and
maximum resistance in all directions of possible stress, it is
evident that the joint must be equally liable to tear along the
line of rivets, to shear the rivets, and to tear them out by pull-
ing them through the lap. For a single-riveted joint there-
fore, if F represent the tearing force, 7 the tenacity of the
sheet, SS’ the shearing resistance of the rivet and sheet, C its
resistance to crushing, p the “ pitch,” and & the diameter of the
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rivets, / the width of lap, and ¢ the thickness of the sheet, we
must have

F=}nd'S = Cdt =(p — d)T¢;

or, if the lap is made over strong, as above, and if crushing is
not anticipated, both of which are usual conditions,

F=1}nd'S=(p—4d)Tz,
and
_imd'S+atT _ 1 7d’S
T 2 T T4

Where, as sometimes is the case, the joint is a butt-joint
and the rivets are thus “ in double shear,”
) s
="7r t4

and the same expression serves for the case of double-riveted
seams made, as with single-riveting, with a lap, but having a
second line of rivets behind and reinforcing the first.

Where the rivet and the plate are of the same material, or
wherever the resistance to shearing and the tenacity may be
taken as substantially equal, the formuia

_ 0.7854nd"*
p=d+———

may be adopted, in which p, 4, », and ¢ are, respectively, the
pitch of rivets, centre to centre, the diameter of rivet, the
number of parallel rows, and the thickness of sheet.

The following tables represent proportions for adoptlon in
designing, the ratio of 7 to C being taken for iron and steel of
various qualities, as assumed by Unwin:*

# See Machine Design, by W. C. Unwin. London : Longmans, Green & Co.
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SINGLE-RIVETING.
IroN RivETs AND PLATES, STeEL RIVETS AND PLATES.
dml 3 i
™ IncHs Punched Plates Plates P;:lle’:ngglelded
¢ Plates. Drilled. Punched. and Annealed.
Pitch p for values ofI =
N::l‘i' Actual. c
0.75 | 0.85 [ 0.95 | 1.0 | 1.05 | 1.15 | 1.25 | I.35
w5 H |o0.72 | 2.45| 2.25 | 2.1 2.0 | 2.0 | 1.85 | 1.8 1.7
) 4 |o0.78 | 2.5 2.3 2.1 | 2.1 2.0 |1 1.9 1.8 .7
Y& H |o0.8 2.6 |[2.4 |2.2 |2.15|2.1 '2.0 [1.9 |1.8
+ $ |o92|2.7 |25 |2.3 |2.2 |2 2.1 | 2.0 1.9
4 4 [0.98 (2.6 | 2.4 (2.3 [2.2 |2.1 !2.0 |2.0 [1.9
3 Ig | 1.10] 2.8 |26 |2.4 (2.4 |2.3 l 2.2 | 2.1 |2.0
+ 1% 1.17 [ 2.9 | 2.7 | 2.5 | 2.5 2.4 | 2.25 (2.2 |2.15
1 13 1.30 | 3.1 2.9 | 2.7 |2.6 |2.6 f 2.45 | 2.4 | 2.3
|
DOUBLE-RIVETING.
IroN RiVETS.—PLATES STeEL RIVETS.—PLATES
1N INCHES.
Punched. Drilled. Punched. Drilled.
. ¢
Nomi Pitch of rivets for value of r =
omi= | Actual. ¢
0.85 1.00 1.10 1.20 1.35
By # |o.72 3.8 3.3 3.1 2.9 2.7
; 4 |o.78 3.8 3.4 3.1 2.9 2.7
v } 0.8s 3.9 3.5 3.2 3.0 2.8
+ 0.92 4.0 3.6 3.4 3.2 2.9
4 { 0.98 3.9 3.4 3.2 3.0 2.8
3 Ity 1.10 4.0 3.6 3.4 3.2 3.0
¥ 13 | r.17 4.1 3.7 3.5 3.3 3.1
L 1 | 1.30 4.4 3.9 3.7 3.5 3.3

Joints proportioned as above range, in their  efficiencies,”
from 40 to 60 per cent in the single-riveted seams, and from
60 to 80 per cent for double-riveting; the smallest rivets and
thinnest plates giving the smallest, and the larger work the
iargest, values. The average efficiencies may be taken as:

Single-riveting
Plate-thickness..c....... s P& &+ 8 2 OF R
Efficiency.......... 55 55 53 52 48 47 45 43
Double-riveting :
Efficiency.......... 75 73 72 71 67 66 64 63

For other cases, see p. 409 and Appendix.
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The strength of a seam is obtained by multiplying the
resistance of the solid sheet by the efficiency of the joint.

The strength of well-made joints, as exhibited by test, in
proportion to strength of the original plate, according to Clarke,
are for plates §-inch thick and less, for the best English York-
shire iron:

Working Strength,
Original strength of plate....... 100 11,000 lbs. per sq. inch.
Single-riveted lap-joint.......... 60 6,700 ** .
Double-riveted lap-joint......... 72 8,000 ¢ “
Double-riveted butt-joint......... 8o 9,000 *¢ “

Fairbairn found the strength of joints to be as follows:

Strength of plate.......... 100 Bursting tension. 34,000 lbs.
Double-riveted joint....... 70 Proof tension. ... 17,000 *‘*
Single-riveted joint....... 56 Working tension. 4,250 ¢

the working tension being taken as § of the bursting tension.
For cast-iron pipes the working tension may be estimated at }
the bursting pressure, and at about

16,500 lbs. per sq. inch for bursting tension,'
5,500 ‘¢ ‘ *¢ ¢ proof tension,
2,750 * e ‘¢ working tension,

Welded joints for boilers have, if perfect, the same strength
as the original plate, but they are apt to be uncertain.

The thickness of plates is limited for best work. Very thin
plates cannot be well calked, and thick plates cannot be safely
riveted. The limits are about } of an inch for the lower limit,
and £ of an inch for the higher limit. The riveting machine
only can be used for very thick plates, a thickness of half an
inch being about the limit of hand-riveting.

In some cases the seams of the shells or the flues of boilers
are put together in /kelica/ form, and some increase of strength
is thus secured in the longitudinal at the expense of the girth.
seams. If n represent the ratio of the projected length of the
seam on the circumference to the corresponding length of the
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projection longitudinally, the ratio of strength, as compared
with the common seam, is measured by the ratio

: _2n' 42

T 42

For, in Fig. 67, let ABC represent a part of a sheet
on which the diagonal AC is the line of the joint;
\ 4B is the corresponding longitudinal joint, as com-
monly made, and BC the girth seam.
Then the stress per unit of length
of AB will be unity; that on BC will
T be 2, and the total stresses will be,
| respectively, 2 and s, where #» meas-
ures the ratio of BC to AB, or the
| “rake” of the seam. The total re-
% sultant stress will be 4C on the joint
R BE, and its normal component will
l
\]

be BF, the sum of the components
of those on the longitudinal and
/ girth seams, 48 and BC, resolved
A o ——® perpendicular to AC, and the in

Fic. 6. tensity of that stress is the quotient
of this sum divided by the length, AC, of the seam. Hence
the intensity on 4B will be

,_2XA4B_
=T 45 T %
that on BC will be
t__x_l(nAB_ .
=45 U

that on AC will be

__2sin 04 ncos 6

T Vi+4n
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But
sin0=-—l——. cos&:—”———;
14 1 4+

and
_"n+2 L_n+2 1
L= + and ., 2w +2 m

When # is given the values below, the ratios of strength of
seam are as tabulated. .

STRENGTH OF HELICAL SEAM.

(Common longitudinal seam = 1.)

” m ”n m
O  tieeirenercnenans 1.0 Te75 ceeecccancncnaans 1.6
D 1.3 2.00..0eeienianninans 1.7
) S ceersseneens 1.4 3.00.c0cisncncanns .eo 1.8
.25, 0 cccincnnnnncens I.5 ®ieiinnncnaane vee 2.0
I.§ vovecenrannnsncns

When 7z = o the joint is parallel with the axis of the cylin-
der; it becomes a longitudinal seam. When 7 = «, it becomes
a girth-seam of twice the relative strength. When the angle of
“rake” is 30°, the gain is 10 per cent; when 45° the gain be-
comes 0.4. It is obvious that this form of seam is very waste-
ful of metal, if so much inclined as to secure any considerable
gain of strength, if the boiler or the flue is built of a succession
of ring courses laid side by side; in such constructions as Root's
“spiral pipe,” in which the courses are helical, this objection
does not hold.

The “ factor of safety,” as stated where reference is made to
the strength of steam-boilers, is usually misleading, as, for ex-
ample, in the U. S. regulations. Pressures one sixth those
computed from the reports of tests of strength of the plate are
permitted ; but the real factor of safety is obtained by multi-
plying this nominal factor by the coefficient of strength of seam.
Thus, where the law allows six the real factor is 0.56 X 6 = 3.36.
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for the single-riveted seam, or 0.7 X 6 = 4.2 for double-riveting,
Fairbairn’s coefficients being accepted. The rea/ factor should
not be less than six, and some authorities, following Rankine,
would make it eight, and others even ten.

51. Punched and Drilled Plates usually differ in strength,
but each may be either stronger or weaker than unperforated
metal of equal area of fractured section. When the metal is
very soft and ductile, the operation of punching does no appre-
ciable injury, and the Author has sometimes found it actually
productive of increased strength, the flow of particles from the
hole into the surrounding parts causing stiffening and strength-
ening. With most steel and with hard iron the effect of
punching is often to produce serious weakening and a tendency
to crack, which has in some cases resulted seriously. With
metal of the first class, punching is perfectly allowable; with
iron or steel of the second class, drilling should always be prac-
tised. It is customary, in the practice of the most reputable
engineers and builders, to drill all steel plates, but usually to
punch iron. Sometimes the steel plate is punched with a
punch of smaller diameter than the proposed rivet, and is sub-
sequently reamed out or counterbored to size. It is generally
assumed that this method is perfectly safe.

Messrs. Greig and Eyth, after a long and carefully con-
ducted investigation, say:¥*

“The experiments show that the plates invariably lose part
of their tensile strength in the section of solid material left
between the rivets of a seam, this loss being greatest in lap-
joints. It is also greater in punched than in drilled plates
(iron as well as steel), and greater in plates riveted together by
steam, than in those riveted by hydraulic pressure. On the
other hand, the strength of rivets against shearing is greater
than its normal figure, especially in lap-joints.

“ The usefulness of double-riveting appears to be mainly
due to the fact that it more effectually prevents lap-jointed
plates from bending under stress. At the same time the zig-
zag riveting generally adopted, in double-riveting, increases

* Lond. Engineering, June 29, 1879.
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the tensile resistance of the material between the rivets con-
siderably beyond its normal figure.

“ Butt-joints, with a cover on one side of the plate only,
gave no advantage at all, the cover behaving simply as an
intermediate plate attached to the two main pieces by an ordi-
nary lap-joint. A marked improvement could, no doubt, be
obtained by giving the cover greater thickness, so as to prevent
its bending. .

“The most effective seams, as to tensile strength, were
butt-joints with two covers, as not only do they nearly double
the shearing strength of each rivet, but they entirely prevent
the bending of the main plates. The main fact resulting from
the tests of parts of boilers and complete boilers under hy-
draulic pressure was the impossibility of bursting an ordinary
rivet-seam in this way, the compression of the rivet and the
elongation of the rivet-hole resulting invariably in leakage,
which prevented the necessary pressure from being obtained.
Each rivet becomes its own safety-valve, and the strain put on
the weakest part of the structure never reached more than 70
per cent of the breaking strain. This is the point where addi-
tional hardness of the material would be most useful, as it
would prevent the opening of the rivet-holes, which now makes
a boiler useless long before the breaking strain-is reached.” *

Good steel is much more enduring than any iron, both
against ordinary wear and extraordinary strain.

The results of experiments on the best British steel for
ship-building and for boilers, as reported to Lloyds, show that
the injury done by punching is less as the plates are thinner,
amounting, in the cases reported, to less than 10 per cent in
sheets % inch (0.6 cm.) thick, and rapidly increasing, becoming
20 per cent at § inch (1 cm.), and is still more serious with the
heavy plate used for large ships and for boilers. But the injury
was discovered to be local, and confined to a shell lining the
punched hole, and but about one eighth of an inch (0.3 cm.) in
thickness. This can be readily cut out, and the punched and
counterbored, or reamed, holes produce no observable weak-

* Lond. Engineering, 1879.
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ness. In many instances no special precautions are taken in
this direction where the metal is less than one half inch (1.25
cm.) in thickness.

s52. Hand-riveting and Steam-riveting are both prac-
tised by good makers, and authorities are somewhat divided in
opinion as to their relative merit. With either system, good
work may be done by a good workman; by either method,
dangerously defective boilers may be produced. With a prop-
erly designed riveting machine of the right size for its work,
and carefully manipulated, very perfect work may be done.
Careless handling produces distorted rivets, eccentrically placed
heads, and sometimes causes the formation of a “fin” on the
rivet, which, entering between the sheets to be riveted to-
gether, holds them apart and causes leakage along the seam.
When the plates are well adjusted, in metallic contact,and per-
fectly secured, before the rivet is “ headed up,” this last defect
is not likely to appear. The careful adjustment of the rivet-
head to the die which supports it against the blow of the ma-
chine, and the exact alignment of rivet and striking die, will
prevent distortion of the rivet by the blow. Sometimes the
machine is too light for its work; in such cases two blows may
be necessary to completely form the head and to expand the
body of the rivet sufficiently to fill the rivet-hole.

In hand-riveting the action of the hammer often hardens
the metal in the head, and gives it such rigidity and brittleness
that it may even fly off at the last stroke of the riveting ham-
mer. The cone-shaped head is a comparatively weak form, and
it is better to use a cup-shaped die, or former, and a larger
hammer striking fewer and heavier blows, to form a hemi-
spherical head, which latter is much stronger, and neater in
appearance. Work of this kind may be quite as good as the
best machine-riveting, but it is usually—not invariably—more
costly.

Riveting machines constructed with two dies moved inde-
pendently—the one a hollow die, having for its office the closing
up of the lap simply; the other a solid die, which immediately
follows up the first and sets up the rivet—are probably much
better than the more common form of riveter having one die
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only. Messrs. Greig and Eyth found the following to be the
pressures attained on the heads of §-inch steel rivets:*

Lbs,
Steam-TiVeter. .. ccovenscirecsacsncaeranceres 82,380
Hydraulic stationary ..cecceeetsoeeaccccsss 86,360
Hydraulic portable...cooeeeseecsssnasesenns 44,018
Power light blow...ccccovaeeaciass cesesee- 69,384
Power beavy blow......occeieeesevaccscccss 115,640

The best work was done by the steam-riveter.
They conclude that—

“ The well-kknown fact of the superiority of riveting by
machinery over hand-riveting has been again demonstrated
most conclusively, while the experiments have shown that the
effects of steam-riveting is, to say the least of it, not inferior
to hydraulic riveting as far as the quality of the rivet is con-
cerned, but that the hydraulic riveting is_distinctly superior as
to its effects on the plate, which is less injured by the slow
pressure of the hydraulic ram.

“Steel showed in this respect a decided superiority over
iron beyond the proportion due to its greater tensile and shear-
ing strength.”

The conclusions of Mr. J. M. Allen are that machine-rivet-
ing probably results in a greater proportion of defective rivets
than any other one cause. Machineriveting to make good
work must be very carefully done. The rivet-hole must be truly
in line with the machine dies. The holes in the two plates
must also be in line with each other. If there is an offset
between them, the rivet is sure to be a very bad one. The
most satisfactory riveting of boiler-plates is done by a prop-
erly constructed and used button-set. By this means better
and more rapid work can be done than by hand-riveting. A
well-constructed machine will work quicker than the set, but
we have rarely seen a complete job of machine-riveting which
left nothing to be desired. It was not the fault of the machine,
however. In hand-riveting the excellence of the joint depends

* Lond. Engineering, June 29, 1879.
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upon the form of the set. With an improper set it is impos-
sible to do good work, no matter how skilful the workmen
may be.

53. Welded Seams are considered better than riveted,
where facilities for welding are provided such that the weld
may be made with certainty and invariably perfect. Unless
special and very complete arrangements are made for securing
absolute metallic contact, a good welding heat without oxida-
tion, and thorough union by pressure or impact, welds are very
apt to prove exceedingly unreliable. A gas-furnace, with a de-
oxidizing flame of large volume and covering a considerable
length of seam, has done good work, and some makers are
adopting this system to the exclusion of riveting. Large boilers
are sometimes made without the use of a single rivet in any
important line of junction. It seems possible, and even prob-
able, that welding may in time displace’ riveting in all good
boiler construction.

54. “Struck-up” or Pressed Shapes are adopted, in pref-
erence to riveted or even welded parts, wherever the form and
size of the piece will admit. Dome-tops, manhole and hand-
hole plates, and sometimes large tube or flue sheets, are thus
made. The piece is made by compressing the sheet of which
it is to be constructed between a pair of dies, and thus compel-
ling it to take the shape of the intermediate space, which is that
of the finished piece. The pressure is commonly applied by
means of the hydraulic press. Small pieces are shaped in the
drop-press, or drop-hammer, in which the dies are forced to-
gether by the blow of a heavy “tup,” or hammer, falling from
a height of from two to six feet or more, according to the size
and the intricacy of form of the part to be produced.

55. Cast and Malleableized Iron, Brass, and Copper all
have limited application in steam-boilers.

Cast-iron is used in the construction of manhole plates, of
some of the fittings, and even, in many instances, in the heads
of plain cylindrical and flue boilers. Its use is, however, always
to be deprecated where wrought-iron can be substituted. When
it is adopted, in places in which it may be subjected to heavy
loading, and where its failure may prove a serious matter,
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great care should be taken to secure the best possible quality.
it would be advisable, probably, in such cases, to use ‘“‘gun-
iron,” as it is called, which is cast-iron of the best grades, melted
in an “air-furnace”—a reverberatory furnace—and refined by
“ poling,” or stirring with a pole, usually a birch sapling, until
its quality and composition are satisfactory. No contact being
allowed with the fuel or any flux or other source of contami-
nation by phosphorus or other objectionable element, greater
strength and toughness can be obtained than when the melting
is done in a “ cupola” furnace, in which the iron, fuel, and any
flux that may be used are mixed together. The process is ex
pensive; but the product is correspondingly valuable, the tena-
city of good gun-iron exceeding, often, 30,000 pounds per square
inch (2109 kgs. per sq. cm.), and its elasticity and elastic resili-
ence approximating similar properties in wrought.iron.

Malleableized cast-iron is usually given application in smali
castings forming parts of the various attachments to boilers.
It is made by selecting a free-flowing cast-iron, as light in grade
as possible, making the castings in the usual way and then sub-
jecting them to a process of prolonged annealing at a red heat
in the presence of substances capable of abstracting the carbon,
such as iron-ore, blacksmith’s scale, or other materials rich in
oxygen. The abstraction of the carbon thus leaves the casting
stronger, somewhat ductile and malleable,and, as a rule, amuch
safer material than when in its original state; it has become a
crude wrought-iron. Only small pieces can be successfully
made in this manner, except by annealing for days, or even
several weeks; the larger the casting the longer the time de-
manded. Some so-called “steel-castings” are thus made.

Brass and bronze are used mainly in the encasing of pres-
sure-gauges, water-gauges, and similar appurtenances, in the
construction of gauge and other cocks, and in valves and their
seats; it is less liable to be cut away by steam, or by water,
and hence brass valves keep tight longer than do iron valves or
cocks. Bronze is better than brass, but its higher cost precludes
its general use. Muntz metal, which consists of copper 60, zinc
40, and gun-bronze, go copper and 10 tin, are the most generally
us«ful compositions; but the brasses in common use generally
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contain more or less of lead, and the bronzes are often also
similarly adulterated. For surfaces exposed to friction the
addition of lead is thought by many to be an advantage. The
strongest of all such alloys is that consisting of copper 43, zinc
35, and tin 2, or one having a somewhat less proportion of tin;
this has been called by the Author, its discoverer,* “ maximum
bronze.” The presence of zinc or other foreign element in the
reai bronzes is found to be particularly objectionable in those
alloys intended for use in salt water, as it renders the latter
especially liable to injury by local and rapid corrosion.

86. The Strength of the Shells and Flues of boilers may
be readily calculated when the data can be safely relied upon.
The two forms are subject to quite different laws, however ; and
even the strength of cylinders subjected to internal pressure, as
are the cylindrical shells of steam-boilers, when thick, is calcu-
lated by different methods from those applicable when of thin
plate; but it is not asserted that the heavy shells of large
marine boilers, in which the metal is from three quarters to,
sometimes, above an inch thick, may not be properly calculated
by the rule applying to thick cylinders of cast-iron or other
aon-ductile material.

Cylindrical Botler-Shells, and other thin cylinders, have a
thickness which is determined by the tenacity of the metal and
the character of the riveted or otherseam. If p be the internal
pressure, 7 the mean tenacity to be calculated upon along the
weakest seam, 7 the semidiameter, and # the thickness, we have
for axial stresses for equilibrium,

ey = 2nnt T,
and
2tT
’:—r—; t=§—;.. e e e o o . (I)

But for transverse stresses tending to rupture longitudinal
seams.

pr=17T,

* See ‘‘ Materials of Engineering:” The Alloys.
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and
tT_ pr
'7:.......(2)

With seams of equal strength in both directions, therefore,
the cylinder is at the point of rupture along the longitudinal
seams, while capable of bearing twice the pressure on girth
seams. It is evident that spheres have twice the strength of
cylinders of equal diameter.

Thick cylinders are considered later, as they are usually
made in cast-iron.

Flat Boiler-heads are made both in wrought and cast iron.
For these Clark’s rules may be used.*

For elastic deflection,

Ad=-.o--¢!-o-(3).

RIN

For maximum pressure,

tT
p = 0.21 5‘2:, e @ % o o ® o (4)

or, for iron,
2 ' .

For steel,

ﬁ:ll,smz; * o o e e o o (6)

For cast-iron,

p=4,m2l,c e e o o o

)]

when ¢ is the thickness, 4, the diameter, both in inches, g the
pressure and 7 the tenacity, both in pounds per square inch.

* Inst. C. E., vol. liii., Abstracts. London, 1877-78.
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For spherical ends,

f:z',L, . e o . . * o (8)
wt?

where a is 108,000 for wrought-iron, 125,000 for steel, 45,000
for cast-iron, and v is the versed sine or rise of the head.
Lloyd’s Rule for cylindrical shells of boilers is

bt
p=%—,.........(9)

in which a is a constant, 155 to 200 for iron and 200 to 260 for
steel, 4 the percentage of strength of solid sheet retained at the
joint, # is the thickness of the plate, and & the diameter of the
shell. The value of 4 is thus reckoned (# = number of rows of
rivets):

b= IOzf'—_;“, for the plate;
1

b= Ioon—at', for rivets in punched holes;
na, U '
b= gop—t-, for rivets in drilled holes.

Theleast of these values is taken. Here p, is the pitch of rivets,
d, is their diameter, g, is the area of the rivet-section. When
in double-shear, 1.754, is taken for 4. The factor of safety is
taken at 6, and boilers are tested by water-pressure up to 2p.

The iron is expected to have a tenacity of at least 21 tons
per square inch; steel must bear 26 tons (3307 to 4095 kilogs.
per sq. cm.).

Welds are found, when well made, to carry 75 to 85 per
cent of the strength of the sheet.

Steam-pipe is usually made with an enormous excess of
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strength to meet accidental stresses, such as those due to
motion of water within them. The Author has tested pipes
broken by ‘‘water-hammer,” as the engineer calls it, to 1000
pounds per square inch (Jo kilogrammes per sq. cm.) after it
had been thus cracked in regular work in a long line, while
the steam-pressure was less than 100 pounds (7 kilogs. per sq.
cm.). They had all been previously tested to about one third
this pressure. '

Cylinders of cast-iron, for steam-generators or for steam-
engines, are usually given a thickness greatly in excess of that
demanded to safely resist the steam-pressure; often, according
to Haswell,

t=-2——-|-—;—, B ¢ (o))

for horizontal cylinders of considerable size.
In metric measures, kilogrammes and centimetres, these
formulas become

ap I
= 20T 3 nearly; « « . . . (12)
dap

I
t=ﬁ—o+§,nearly. e e e oo o. (13)

If r, is the external and 7, the internal radius, 7 the tena-
city of the metal, 7 its thickness, and p the intensity of the in-
ternal pressure, we have, for the tkin cylinder, as an equation
for equilibrium,

P’.=T("|'—’:)=T‘: ¢« o o A. . (14)
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P e e e e e o o e o . (19)

t=r,——r,=&' B ¢ ()]

p:—.........- -(17)

For the thick cylinder, however, the resistance at any inter-
nal annulus of the cylinder is less than 7.

Thick Cylinders, technically so called, are those which are
of such thickness that the mean resistance falls considerably
below the full tenacity of the metal, as exhibited in thin cylin-
ders, in low-pressure steam-boiler shells, for example. Such
cylinders are seen in the “hydraulic” press, and in ordnance.

Barlow* assumes the area of section unchanged by stress,
although the annulus is thinned somewhat by linear extension.
If this is the fact, as the tension on any elementary ring must
vary as the extension of the ring within the elastic limit, the
stress in such element will be proportional to the reciprocal of
the square of its radius, i.e., it will be

1 . .
poo’-,;........(l8j

and, taking the total resistance as p’r,, when p’ is the internal
fluid pressure, since the maximum stress at the inner radius is
7, that on the inner elementary annulus is 7d#, and on any

]
other annulus %—dx; while the total resistance will be, on

either side the cylinder,

s fndx o r(r,—1) 1t
plr!_Tritl: ?_Tf,—*—(f,—-f,)_Tf,-i-f (19)

* Strength of Materials, 1867, p. 118,



134 THE STEAM-BOILER.

The maximum stress is at the interior, and may be equal,
as taken above, to the tenacity, 7, of the metal; then

7 R o )
and the thickness
lr’
t='—7?T;I,. « o o o o o (2[)

while the ratio of the radii

rl_g_._t(T—pl)__ T

’a—P: ) Px —T—'Pu' e (22)

Lamé’s Foymula, which is more generally accepted, and
which is adopted by Rankine, gives smaller and more exact
values than that of Barlow. In theabove, no allowance is made
for the compressive action of the internal expanding force upon
the metal of the ring. The effect of the latter action is to
make the intensity of pressure at any ring less than before by
a constant quantity,

pw:_:—b)

and the tension by which the ring resists that pressure greater,

Fo+o.
Whenr-_—:'r,,p=o;whenr=r,,p=p,;
. thenp,:—a-,—b, and o=1.-b;
7, 7,

i 'l:r: r}
a=p———; b=p———;
plrl! — ril ’ plrll — r’. ?
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and the maximum possible stress on the inner ring is

a
=p’(r —r’+r —r)
__p'r_tr,,. o e e . o o o o (23)

= T,-i-:" B 7))

and the ratio of inner and outer radii is

T+,
=4/T—f—%.......(25)

Of these two formulas, the first gives the larger and conse-
quently safer results, and, in the absence of certain knowledge
of the distribution of pressure within the walls of the cylinder,
is perhaps best.

For thick spheres, Lamé’s formula becomes

S

p,=T2(’:‘.—"?. e e e e . (26)

r' — 27,

3 T 1
2\/%—:{-—?—").. « s e e (27)

Clark’s formula* is more recent than the preceding. It is
assumed that the expansion of concentric rings into which the
cylinder may be conceived to be divided is inversely as their
radii, and that the curve of stress will become parabolic if so
laid down that the radii shall be taken as abscissas and the
stresses as ordinates, the total resistance thus varying as the

It

.

* Rules and Tables, p. 687.
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logarithm of the ratio of the radii. Then if the elastic limit be
coincident with the ultimate strength, and

T = the tenacity of the metal,
R = the ratio, external diameter divided by internal,
2 = the bursting pressure,

2=TXxXhyplogR; . . . . . (28)

2
R=eT. . . . . .+ . . (29

in other cases, instead of 7 take the value of the resistance
at the elastic limit, and base the calculation of proportions upon
the elastic limit and its appropriate factor of safety. The for-
mulas as given are considered applicable to cast-iron.

The strength of thick cast cylinders witk keads cast in may,
however, sometimes be far in excess even of the calculated re-
sistance of thin cylinders. The formulas for thick cylinders
appear to be in error on the safe side; and very greatly so
when, as is usually the case, the cylinder is short, and strength-
ened by having a head cast in. Such cylinders are generally
also strengthened by very heavy flanges at the open end.

The Pressure allowed by Law or by government regulations
on any cylindrical shell is found by the following rule:

“ Multiply one sixth (}) of the lowest tensile strength found
stamped on any plate in the cylindrical shell by the thickness—
expressed in inches or parts of an inch—of the thinnest plate
in the same cylindrical shell, and divide by the radius or half
diameter—also expressed in inches—and the sum will be the
pressure allowable per square inch of surface for single-riveting,
to which add 20 per centum for double-riveting.”

The hydrostatic pressure applied under the above table and
rule must be in the proportion of 150 pounds to the square
inch to 100 pounds to the square inch of the working pressure
allowed.

The following table gives the pressures thus calculated for
single-riveted boilers of various sizes:
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TABLE OF PRESSURES ALLOWABLE ON BOILERS MADE SINCE FEB-
RUARY 28, 1872.—Continsed.
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Externally-fired boilers are not permitted by United States
regulations to be made thicker than o.51 inch (1.2 cm.). The
20 per cent higher pressure of the table is allowed on steam-
vessels which carry no passengers. It will be observed that
the rule above given allows an apparent “factor of safety’ of
six; while the loss of strength at a single-riveted seam reduces
it to the actual value of four, nearly. It would probably be on
the whole wiser to use as the actual value the higher figure,
and thus to reduce the pressures carried to one third below
those now permitted, except where inspection and test during
construction, and constant supervision with frequent inspection
during the life of the boiler, may give a safe margin with the
lower figure. The operation of the law which allows old boilers
to carry two thirds the test pressure is to reduce the real factor
often to less than one and a half; for it is well known that
iron will not carry permanently a load which it will sustain for
a short time without observable yielding.

French regulations make the thickness of wrought-iron
cylindrical shells of boilers not less than

t= 18pd + 3

in millimetres, when the pressure, p, is in atmospheres and the
diameter, 4, is in metres. In no case, however, is a greater
thickness allowed than 15 mm. (0.6 in.).

German regulations give

¢ = 0.0015pd + o.1 inches.

Flues and Cylinders subjected to external pressure resist
that pressure in proportion to their stiffness and their com-
pressive strength if thin, and if thick sustain a pressure pro-
portional to their thickness and maximum resistance to crush-
ing.

Fairbairn,* experimenting on flues of thin iron, 0.04 inch

* Useful Information. Second Series.
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(o.102 centimetre), of small diameter, 4 inches (10.2 centi-
metres) to 12 (31 centimetres), and from 20 inches (50.8 centi-
metres) to 5 feet (1.52 metres) long, found that their resistance
to collapse varied inversely as the product of their lengths and
their diameters, and directly as the 2.19 power of their thick-
ness. X

The following equation fairly expressed his results when p
is the external pressure in pounds per square inch, # their thick-
ness in inches, 4 their diameter, and L the length in feet:

59 __d_L—_ 1319
- 8&,5; p = M’WYL_; ‘ * * ' ([)'

or, for the length in inches,

tﬂ
2—9,672 A &

In metric measures, kilogrammes and centimetres diameter,
and metres of length,

p_680007[—: nearly. . . . . . (3)

t=4/ 2L
. 68,000 °

4)

For elliptical flues take d = 274; where q is the greater and

& the lesser semi-axis.

These equations probably give too small values of # for
heavy flues under high pressure.

Belpaire's rule, deduced from Fairbairn’s experiments, is

.081

tﬁ
p=1,os7,1801°—5—647“,889 N ()
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Lloyd's rule for flues is

p:L—d,........(6)

in which & is made 89,600 pounds per square inch.
The British Board of Frade Rule is, for cylindrical furnaces
with butted joints,

at’ '
p=(L_—i—_I)2,......(7)

in which & is 90,000, provided, always,

¢
2 < 8,000‘;.

and for large joints @ = 70,000, unless bevelled to a true circle,
when @ = 80,000. If the work is not of the best quality, these
values of a are reduced to 80,000, 60,000, and 70,000.

Flanged and Corrugated Flues are much stronger than plain,
lapped, or butt-jointed flues. Experiment indicates that it is
allowable to consider the length L in the formula for strength
of flues as the distance from flange to flange, and to assume
that the flanges support the flue as effectively as the flue
sheets. Where the several courses of a flue are flanged to-
gether instead of being connected by the usual lgp-jointed
girth-seams, the strength of the flue is thus enormously in-
creased. Another method of strengthening the flue is by sur-
rounding it, at intervals, with a strongly made ring of angle or
T-iron, which answers the purpose of a flange, while being less
costly in construction. To prevent injury by overheating at
those parts where the total thickness of metal traversed by the
heat from the furnace-gases would be objectionably great, the
ring is often supported clear of the flue by a set of thimbles
through which the rivets holding it in place are driven.

The corrugated flue is now very extensively used, the cor-
rugations extending around the flue and having a pitch of ten
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or twelve times the thickness of the sheet. These flues pos-
sess the double advantage of having more than twice the
strength of equally heavy plain flues, and of being so much
thinner for a given strength as to be vastly safer against over-
heating and burning. These flues are less liable to distortion
in the processes of working than are plain flues.

By the United States regulations, lap-welded flues less than
18 feet long and 7 inches or more in diameter are allowed to
carry pressures determined by the formula

=i =

in which the pressure, p, is in pounds per square inch; the
thickness, ¢, and the radius, 7, of the flue in inches. The value
of the constant ¢is 4400. This gives, for example, an allowable
pressure of 200 pounds per square inch on a flue 14 inches in
diameter, less than 18 feet long and o.32 thick. A minimum
thickness is set at

¢ = diam. X 0.022.

For lap-welded flues exceeding 18 feet in length, 3 pounds is
deducted from the pressure calculated as above, for each added
foot, or 0.01 inch is added to its thickness. When between 7
and 16 inches diameter and § to 10 feet long, one strengthen-
ing ring is required ; and where 10 to 15 feet long, two such
rings, each of a thickness of metal at least equal to that of the
flue, and 24 inches or more in width.

Flues 16 to 40 inches diameter are allowed by the United
States regulations a pressure

in which f = %‘2, ¢ = 0.31, or

4
= 5678—)
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which allows 100 pounds per square inch on a due 20 inches in
diameter and 0.37 inch thick.
Corrugated furnace-flues are allowed to “ carry” a pressure,

4
¥4 _14,0002,

equivalent to 175 pounds on a flue 40 inches in diameter and
o.5 inch thick. Other flues are allowed pressures determined
by Fairbairn’s formula,
zr
b= 89’6001-‘_‘1’

in which, however, L is in feet. Rings are fitted in such man-
ner as to reduce the maximum tension on the rivets to 6000
pounds per square inch of section. (See tables, Appendix.)

57. Stayed Surfaces and Stays and Braces are parts and
members which, in steam-boiler design and construction, should
be studied with special care. Where it is possible to make the
strength of the structure ample by correctly forming parts ex-
posed to stress, as by making them cylindrical, it is usually con-
sidered best to do so; but in many types of boiler this is im-
practicable, and staying must be resorted to. Properly designed
stayed surfaces should be made the strongest parts of the boiler.
The fireboxes of locomotives and of other firebox boilers, in
which stay-bolts are well distributed, the water-legs of many
marine boilers, and other parts composed of flat surfaces sus-
tained by stays and braces, are common illustrations of the
method of resisting pressure.

Where flat surfaces are secured against lateral pressure by
stay-bolts, as is done in steam-boilers, these bolts may yield
either by breaking across, or by shearing the threads of the
screw in the bolt or in the sheet. Such bolts should not be so
proportioned that they are equally liable to break by either
method, but should be given a large factor of safety (15 to 20)
to allow for reduction of size by corrosion, from which kind of
deterioration they are liable to suffer seriously. Wrought-iron
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and soft steels are used for these bolts. They are screwed
through the plate, and the projecting ends are usually headed
like rivets. Nuts are sometimes screwed on them instead of
riveting them when they are not liable to injury by flame.

“ Button-set” heads are from .25 to .35 stronger than the
conical hammered head, and nuts give still greater strength.

Experiments made by Chief Engineers Sprague and Tower,
for the U. S. Navy Department, lead to the following formula*
and values of the coefficient &, p being the safe working pres-
sure, £ the thickness of plate, and & the distance from bolt to
bolt : '

p:;.........(l)

VALUES OF @ IN BRITISH AND METRIC MEASURES.

A. Am.
For iron plates and bolts....coveeveveccannnnn 24,000 1,693
For steel plates and iron bolts. .........cu..0s 25,000 1,758
For steel plates and steel bolts............... 28,000 1,968
For iron plates and iron bolts with nuts....... 40,000 2,812
For copper plates and iron bolts.............. 14,500 1,020

The working load is given in pounds on the square inch and
kilogrammes per square centimetre, the measurements being
taken in inches and centimetres. The heads, where riveted,
are assumed to be made of the button shape.

The diameter of stay is made about 2 ¥, the number of
threads per inch 12, or 14 (§ or 6 per centimetre). A very high
factor of safety, as above, is recommended for stays, to afford
ample margin for loss by corrosion.

Lloyd’s Rule for stayed plates is

at’ )
= o« e . . o o . . 2
=35 ()
in which p is the working pressure in pounds on the square
inch, 2, the thickness of plate in sixteenths of an inch, and p, is
the distance apart of the stays in inches.

* Report on Boiler Bracing. Washington, 1879.
10
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The coefficient & has the following value:

a = 9o for plate % inch thick or less; with screw stays
and riveted heads;

a = 100 for plate % inch thick or more; screw stays
and riveted heads;

a = 110 for plate % inch thick or less ; screw stays and
nuts; .

a = 120 for plate {% inch thick or more ; screw staysand
nuts; _

a = 140 for plate { inch thick or more; screw stays
with double nuts;

a = 160 for plate {% inch thick ; with screw stays double
nuts and washers.

The Board of Trade of Great Britain prescribes

p:g(—g—%)',.......(.”

in which #, is the thickness of plate as above, and s is the area
of surface supported, in square inches.

a = 100 for plates not exposed to heat, and fitted with
nuts and washers of 3/ diameter and of § the
thickness of the plates;

a = go for same case, but with nuts only;

@ = 60 in steam and having nuts and washers;

a = 54 if with nuts only;

a = 8o in water spaces, with screw stays and nuts;

a = 60 if with screw stays riveted ;

a = 36 in steam, screw stays, riveted.

For girder stays,

ad’s?
?=(w_—pl)l:1,--.....(4)

where the symbols are defined as on page 148. When one,
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two or three, or four bolts carry the girder, 2 = 500, 750, and
800, respectively.

Stay-bolts should have diameters considerably exceeding
double the thickness of the plate.

D. K. Clark allows, as a maximum, the pressure

T
P2=407,0 o v . .- (5)

where 7, 7, and 4 are the thickness of sheet and its tenacity,
in tons per square inch, and the * pitch” of the stays in inches.

I computing the strength of stayed surfaces, it is to be un-
derstood that each stay sustains the pressure on an area bounded
by lines drawn midway between it and its neighbors, and mea-
sured by the product of the distances between stays in the two
directions of the lines of their attachments to the sheet. Thus
marine boiler stays spaced 8 inches apart sustain the pressure
on 64 square inches ; while locomotive firebox stay-bolts spaced
4% inches each way carry the pressure on 20} square inches.

A common minimum factor of safety for stays, stay-bolts,
and braces is 8, and when liable to serious corrosion the load
applied is often reduced to 3000 or 4000 pounds per square
inch of section of stay or brace, thus giving a factor of ten or
more. The actual rupture of stay-bolted surfaces was found by
the Author, by the study of the results of experimental steam-
boiler explosions in 1871,* to be about the pressure

P=(365§)’; N ()}

in which # is the thickness of plate, and d the pitch of the stay-
bolts. In design, we would make

365¢
Vap'

B (2

* Journal Franklin Institute, 1872.
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a being the factor of safety, which, as has been seen, should al-
ways be large, and p’ the working pressure.

Fairbairn showed that the diameter of a stay-bolt should
exceed double the thickness of the sheet by the amount to be
allowed for corrosion. He found that riveting over the ends
of screwed stays increased the strength of the construction
0.14. (See Appendix for holding-power of tubes.)

Where the crown-sheet of the furnace of a boiler is supported
by girders, the load to be permitted may be adjusted by the
formula, already given,

.
P =w=ar

in which

w = width of the fire-box;

2’ = the pitch of the supporting bolts;

d’ = the distance from centre to centre of girders;
/ = their length;

d = their depth ;
¢ = their thickness;

all dimensions in inches except /, which is taken in feet. This
is the formula approved by the British Board of Trade. The
value of the coefficient ¢ is from 500, when but one supporting
bolt is used, to 750 and 800 when two or three and when four
bolts are employed.

The accompanying figure exhibits a common form of stay
for water-legs and other narrow water spaces.
The stay is cut from a long screwed rod, and
is frequently fitted with a nut and washer at
each end. They are sometimes drilled longi-
tudinally in order that they may give warning

by leakage if fractured.
58. The Relative Strength of Shell and
Fic. 6. “ Sectional ” Boilers, and consequently, in
large degree, their relative safety, “is measurcd-by -the-relative
magnitude of their largest parts. Asremarked by John Stevens,
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the inventor, the sectional boiler, with its smaller members and
subdivided steam and water chambers, is safe in proportion as
the sizes of the latter are diminished; while the large shells of
the common forms of boiler are liable to dangerous rupture in
proportion as their diameters are increased. The strengths of
cylindrical reservoirs subjected to internal pressure, as are the
shells, steam-drums, and mud-drums of shell boilers, and the
tubes and steam-reservoirs of sectional boilers, are subject to
laws so simple, and are computed by methods of such easy ap-
plication, that there never need be any doubt in regard to the
margin of safety ekisting in either case when new. Flues and
old boiler-shells are less amenable to calculation, and are thus
more unsafe. Water-tubular boilers are comparatively safe
under all conditions of ordinary operation, and, when compared
with the other type of steam-generator, are vastly safer.

59. A Loss of Strength and of Ductility is very often ob-
served in the iron of which boilers are composed, as they ad-
vance in age, due to the progress of oxidation, probably, within
and between the lamina of which the sheets may be composed.
The plate may be thus very nearly destroyed, at times, before
this action may be detected. In some cases the iron may be
nearly all destroyed, and only a sheet of oxide may remain;
while the boiler, if not working under high pressure, may still
appear sound. Such deterioration is often a source of great
danger. i

Excessively high temperature not infrequently gives rise to
a loss of tenacity of serious amount with, fortunately, in most
cases, increase of ductility. This is not invariably the case,
however, as, at a “black heat” just below redness, a critical
temperature is reached at which the iron may exhibit great
brittleness.

The physical conditions thus modifying strength have been
already described at considerable length. These changes occur
in steam-boilers through the action of a variety of special
causes. Ordinary oxidation, general and local, especially when
accelerated by voltaic action, produces in many cases rapid de-
terioration ; the constant and often great changes of tempera-
ture due to not only the ordinary working of the boiler, but also
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at times to overheating of parts exposed to flame, may produce
still more formidable effects; and even the continual changing
of form caused by variations both of pressure and temperature,
after the lapse of considerable periods of time, may give rise to
important losses of ductility, and sometimes of strength. Steel
is especially liable, if too hard, to loss of quality and danger-
ous injury by cracking, in consequence of such action.

60. The Deterioration of Boilers with age and with use
is in nearly all cases due to modification of quality of metal,
and to reduction of section of parts exposed to stress and
strain. This deterioration is certain to occur to a greater or
less extent ; but its rate is usually indeterminate, and it conse-
quently happens that, except by actual inspection and test, it
is impossible to know, at any time after a boiler is built and
set in operation, just what is its strength and whether it is safe.

This deterioration may be to a certain extent controlled
and retarded by care and by the adoption of proper precau-
tions. The principal requisite is the keeping of every part dry,.
and at a temperature below that of “ burning” or rapid oxi-
dation. Loss of strength, elasticity, ductility, and resilience
will, however, always take place; and the boiler, whether in use
or not, should always be very carefully examined at such inter-
vals as shall insure its condition being known at all times, and
such as shall secure a safe adjustment of the pressure main-
tained within it to its reduced strength. Every element and.,
member of the structure will inevitably depreciate, and the
most insignificant part must be kept under proper supervision
to insure safe operation.

Experiment has shown that steel boiler-plate, exposed to
repeated heating to high temperatures, and cooling down again,.
loses less by oxidation than does iron,* and retains its quality
better. Steel loses rather more than iron when exposed to the
action of sea-water,} and should never, if it can be conveniently
avoided, be placed under such circumstances in contact with
iron. Its own scale also produces an acceleration of galvanic

* Engineering, April 20, 1883.
4 Trans. Inst. Naval Architects, vol. xxiii. p. 143.
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action, and it is best, where practicable, to remove all the scale
by “ pickling” in dilute hydrochloric acid or in sal ammoniac.

61. Inspection and Test of boilers, at regular intervals and
by methods that are thoroughly reliable, is now universally rec-
ognized as not only essential to permanent safe use of steam-
generators, but also as necessary to secure maximum efficiency
in their operation.

Such examinations and tests are usually made by expert in-
spectors who make a business of that work, and who have thus
acquired exceptional, sometimes most extraordinary, skill in the
detection of injury and its cause. The methods pursued and
the rules adopted will be given later, in chapters devoted to
the description of the methods of construction and to the pre-
scription of forms of specification and contracts, and of the re-
quisites of full conformance with the latter.

Steel is thought, by many mechanics, to change form and
dimensions with repeated heating and cooling more than iron, -
and, if used in tubes, to produce leakage under heavy forcing.
(See Appendix for standard gauges for iron and steel.)



CHAPTER IIL

THE FUELS AND THEIR COMBUSTION.

62. The Chemical and Physical Principles involved in
the combustion of fuel, the development of heat and its trans-
fer, are all well known and capable of very definite expression.

Combustion may be defined as the rapid combination of any
oxidizable substance with oxygen. The result of such combi-
nation is the production of new compounds of definite charac-
ter, and in quantities readily calculable when the amount of
" each of the combustible constituents is given. It is also known,
very precisely, how much heat is produced by the combustion
of any given weight of any one of the more familiar combusti-
bles, and how much of that heat is available for transfer to a
steam-boiler or other apparatus of utilization, when the com-
bustion is complete and perfect.

Perfect combustion occurs when all of the combustible is
burned, and with the result of producing the highest stage of
oxidation. Carbon is perfectly burned when it is wholly con-
verted into carbon dioxide and carbonic acid. Wood, or other
fuel containing hydrogen, is perfectly consumed when all its
carbon is oxidized to carbonic acid, and all its hydrogen is
united with oxygen to form steam.

Chemical combination invariably produces heat, and de-
composition as inevitably results in the absorption of heat in
precisely the amount due to the opposite process. If both
combination and decomposition take place in complex chemi-
cal changes, the heat produced is the net result of both actions.

Several interesting and important principles are recognized
by writers on this general subject, as controlling the develop-
ment of heat by combustion. Berthelot first called attention
to the fact that the total heat evolved in any case of chemical
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<ombustion is a measure of the energy expended in the separa-
tion of the resulting compound into its elements. The same
chemist announced a second law, also known by his name:
The quantity of heat-energy evolved or absorbed in any chemi-
cal change of this kind, where no mechanical work is done, is
dependent purely on the initial and final states, and not at all
on the intermediate process of change. Thus the heat pro-
duced in a furnace depends on the final product of combustion,
and not at all on whether the carbon, for example, has been,
at intermediate stages, wholly or partly burned, and has existed
in greater or less proportion in the state of carbon monoxide
or of carbon dioxide. Berthelot's third law asserts that in any
chemical action the tendency is toward that method of change
which will yield the greatest amount of heat. In other words,
the tendency always exists to produce complete transformation
of potential into actual energy. (See § 83 and Appendix.)

63. The Fuels used in Engineering* are anthracite and
bituminous coals, coke, wood, charcoal, peat, and combustible
gases obtained by the distillation of the solid kinds of fuel. The
oils—animal, vegetable, and mineral—and the solid hydrocar-
bons, of which bitumen is a type, are occasionally used also.
All consist of either pure carbon or of combinations of carbon,
hydrogen, and non-combustible substances. The mineral oils
and liquid fuels generally promise excellent results when satis-
factory methods shall have been found to secure the conditions
of perfect combustion. In making a selection of a fuel the
engineer is aided greatly by a knowledge of the origin and
general characteristics of those combustibles from which he
may be called upon to select the one best adapted to any given
case.

Each form of fuel, solid, liquid, and gaseous, is specially
adapted to particular purposes; and in selection the engineer
and metallurgist should carefully examine all of the circum-
stances of the case under consideration, in order to determine
from which of these classes the fuel required should be selected;

* Adapted largely from the Author’s ‘‘ The Materials of Engineering,"” vol. i.
N. Y.: J. Wiley & Sons, 188s.
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and, this choice having been made, he will next select that
quality which best fulfils the requirements of the case.

COMPOSITION OF COMBUSTIBLES, CARBON TAKEN AS 100,

Carbon. Hydrogen. Oxygen.
Wood ...o.cvvveveininnnnennss 100 12.48 83.07
Peat....ccviieriiennnnncnnans 100 9.85 55.67
Lignite ......  eieeiessenenes 100 8.37 42.42
Bituminous Coal.............. 100 6.12 21.23
Anthracite Coal .......c0000e. 100 2.84 1.74

Coal, whether anthracite or bituminous, is a fossil of vege-
table origin. It is always associated with some earthy matter,
and the latter is sometimes present in such quantities as to
destroy the value of the coal as a fuel.

Coal is sometimes found so slightly altered as to differ but
little in chemical composition and in physical structure from
recent vegetable substances; and in other cases it is so
thoroughly changed as to have become, in all but its chemical
constitution, a mineral. Some of the more completely fossilized
bituminous coal breaks into cubic and rhomboidal fragments,
but the anthracite exhibits little or no traces of crystallization.

Chemical examination shows coal, as already indicated, to
be composed of both organic and inorganic matter. The for-
mer is purely vegetable, and the latter consists of earthy mat-
ter above which the ligneous portions once grew.

Destructive distillation resolves the organic matter into its
invariable ultimate constituents, carbon, hydrogen, and oxygen,
which come from the retort as solid carbon, or coke, liquid tar,
gaseous ammonia, benzole, naphtha, paraffine, illuminating gas,
sulphurous acid, and other substances, in various proportions.
The inorganic portion is left as an ash when the fuel is burned.
It consists usually of silicates in varying proportions.

The various fossil fuels having had a common origin, and
being all more or less decomposed and mechanically altered
vegetable matter, are found to exist in all states intermediate
between that of recént vegetation and that of completely
mineralized graphitic anthracite.



THE FUELS AND THEIR COMBUSTION, 15§

Their classification is therefore an arbitrary one, and it fre-.
quently happens that a particular species of coal lies so exactly
between two classes as to make it difficult to determine to
which it should be assigned.

The anthracites are found among the older carboniferous
strata; the bituminous coals come from the secondary, and the
softest and least altered varieties from the tertiary, formations.

The following, representing approximately the gradual
change of composition as fossilization affects the alteration of
woody fibre, is given by Dr. Wagner:

CHANGE OF COMPOSITION OF FOSSIL FUELS.

Carbon. Hydrogen. Oxygen.

Cellulose..... seeiaesssananane 52.65 5.25 42.10
Peat .....cc0veiininnns 60. 44 5.96 33.60
Lignite . .ovivveiiiienieinnn. 66.96 5.27 27.76
**  (earthy brown coal).... 74.20 5.89 19.90
Coal (secondary)..cecceeeeenns 76.18 5.64 18.07
. S ieeeseenasians 90.50 §.05 4.40
Anthracite........o00e ceenens 92.85 3.96 3.19

In the above analyses earthy matter is excluded.

64. Anthracite Coal, called sometimes g/arnce, and sometimes.
blind or stome coal, consists of carbon and inorganic substances,
and is usually free from hydrocarbons. Some varieties are
thoroughly mineralized and have become graphitic. The or-.
dinary varieties of good anthracite are hard, compact, lustrous,
and sometimes iridescent. The color is intermediate between
jet black and that of plumbago.

It is amorphous and somewhat vitreous in structure, the.
hardest varieties falling to pieces when suddenly heated, and
sometimes breaking up into very small fragments, thus caus-
ing considerable loss even when carefully “fired.” It some-
times gives out a ringing sound when struck. It is a strong,
.dense coal, its specific gravity ranging from 1.4 to 1.6. It hasa
high colorific value.

It burns without smoke and without flame unless containing
moisture, the vapor of which produces a yellow flame of com-
paratively low temperature. It kindles slowly and with dif-
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ficulty; and, once kindled, requires to be carefully and skilfully
managed to secure economic efficiency.

A representative variety has a specific gravity 1.55, and con-
tains, exclusive of ash, carbon, g4 per cent, hydrogen and oxygen
(moisture) 6 per cent. Of the latter, 24 per cent is hygroscopic,
but is held with great tenacity.

The percentage of ash varies greatly, even in the same variety,
and in specimens from the same bed. It may be estimated, as
an average, at above ten per cent, while the total loss in ash,
fine coal, and clinker will be likely sometimes to reach double
that proportion in ordinary furnaces. When selecting anthracite -
it is necessary to keep this fact carefully in mind. Twenty-four
samples of anthracite from Pennsylvania, analyzed by Britton,
gave as a mean—

L0714 T N 91.05
Volatile matter. ... cvoeeteeeesiacseacetesasssscsccsans 3.45
MoOiStUre. .o et ivirtiereetietansonersoscessccatnnncnaans 1.34
Ash..ioivvviiiniinanans e eresesressesistsesscnasssennns 4 16

100,00

There was included in the above, sulphur 0.240, phosphorus
0.013.

A variety of this class of coals, similar in composition, but
differing from the typical anthracite above described in struc-
ture, has been sometimes called semianthracite.

It does not exhibit the conchoidal fracture of the latter, but
is somewhat lamellar, and is marked by fine joints or planes of
cleavage. It crumbles readily, and has less density than the
preceding.

One method of distinguishing good examples of the two
varieties is found in the fact that the latter, when just fractured,
soils the hand, while the former does not. The latter variety
kindles quite readily and burns freely.

An example of this coal contained, in one hundred parts,
carbon, go; hydrogen and oxygen, 1.5; ash, 8.5.

65. The Bituminous Coals are sometimes divided into
three classes. .

Dry bituminous coal contains about 75 per cent of carbon, .
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5 per cent hydrogen, and 4 per cent oxygen. That part of the
hydrogen which is combined with carbon is capable of adding
to the heat-giving power of the coal. This coal is lighter than
anthracite, its specific gravity being about 1.3. Its coler is
black or nearly black, and its lustre resinous; it is moderately
hard, and burns freely. Its structure is weak, brittle and splin-
tery, fine-grained, and of uneven surface. It kindles with less
difficulty than any variety of anthracite, but less readily than
the bituminous coal to be described. It burns with a moderate
flame, and gives off little or no smoke.

Bituminous caking coal contains sometimes as little as 60 per
cent of free carbon, and the maximum proportion is, perhaps,
70 per cent. It contains § or 6 per cent each of oxygen and
hydrogen, and the remaining portion, amounting sometimes to
30 per cent, is incombustible. Its specific gravity is about 1.25.
It is moderately compact; its fracture is uneven, but not splin-
tery; its color is a less decided black than the preceding, and
its lustre is more resinous. When heated it breaks into small
fragments if the proportion of bitumen is insufficient to cause it
to cohere before becoming thoroughly softened, but afterward,
as it becomes more highly heated, the pieces become pasty and
adherent, and the whole mass becomes compact and hard as the
gaseous constituents are expelled by heat.

This coal, ignited in air, burns with a yellowish flame and
very irregularly unless kept continually stirred to prevent ag-
glomeration and consequent checking of the draught. It can-
not be successfully used, therefore, when great heat is required.
It is valuable for the manufacturer of gas and of coke, and can
be used in small grates where but moderate heat is obtained.

Long flaming bituminous coal is quite similar to the pre-
ceding, differing chemicadlly in composition and containing a
larger proportion of oxygen. It burns with a long flame, and has
a strong tendency to produce smoke. Some varieties cake like
the preceding, others do not; but all ignite readily and burn
freely, consuming rapidly.

There are many varieties of coal in each of the above-
named classes, the gradation being sometimes marked and
sometimes barely distinguishable.



158 THE STEAM-BOILER.

American anthracites have been found, by experiments
made under the direction of the United States Navy Depart-
ment, to have a mean evaporative efficiency, in marine boilers,
of 8.9 pounds of water evaporated from 212° Fahr. (100° Cent.)
per pound of coal. The bituminous coals of the United States
were found to evaporate an average of 9.9 pounds of water per
pound of fuel, under similar conditions. The average efficiency
of British coals is given by Bourne at about 8.7. American
anthracites evaporated 10.69 pounds of water per pound of
combustible matter contained in the fuels, and the bituminous
coals 10.84, from 212° Fahr.*

These results are practically identical for the two kinds of
coal; but the average of the best known varieties gives a dif-
ference which is, with such good varieties, in favor of anthra-
cite. See § 83 and appendix for complete analyses.

66. Lignite, or Brown Coal, is of more recent and of more in-
complete formation than the bituminous coals, and occupies a
position intermediate between the true coals and peat. It con-
tains from 30 to 60 per cent of carbon, 5 to 8 per cent of
hydrogen, and 20 to 25 per cent of oxygen. It is very light
when pure, having, according to Regnault, a specific gravity of
from 1.10 to 1.25. The heavier varieties contain much compact
earthy matter.

Lignite is found in tertiary geological formations. It is
brown in color, has the woody structure well defined, and is
usually lustreless. Where it approaches the bituminous coals
in age, it also approximates to them in structure and other
.characteristics. It frequently contains considerable moisture,
which can only be removed by high temperature or by long
-seasoning, and the lignite, once dried, must be carefully pre-
served in dry situations if not used at once, as it reabsorbs
moisture with great avidity. ’

When thoroughly dry it kindles readily, burns freely, and
1is consumed rapidly. It is not usually considered a valuable
kind of fuel. It occupies considerably more space weight for
weight than the true coals, burns as an average a third more

* See American Institute Reports: Tests of Steam Boilers, 1874.
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rapidly, and its evaporation of water per pound of fuel is about
25 per cent less. To obtain maximum evaporative efficiency a
slow rate of combustion is found most effective.

67. Peat, sometimes called Zurf, is obtained from bogs and
swampy places. It consists of the interlaced and slightly
decayed roots of vegetation, which, although buried under a
superincumbent mass of similar material and mingled with some
earthy matter, retains its ligneous structure and nearly all
the chemical characteristics of unaltered vegetable matter.
Submitted to the great pressure and the warmth which have
for ages acted upon the coal-beds, it would also probably
become coal.

Dried in the air, it, like the lignites, retains moisture per-
sistently, and is usually found to contain 30 per cent after
drying. After completely removing all water, an average
specimen would contain about 60 per cent of carbon, § to 10
per cent hydrogen, and 30 or 40 per cent of oxygen. The ash
varies very greatly, sometimes being as little as 5, and in other
cases as high as 25 per cent.

A pound of wood charcoal has nearly the same value as a
fuel as 1.66 pounds of peat of average quality.

Peat is frequently used in large quantities for heating pur-
poses, and attempts have been made, with encouraging results,
to use it in metallurgical operations.

When to be thus used, it is cut from the bog with sharp
spades, ground up in a machine specially designed for the
purpose, and dried by spreading it where it can have full
exposure to the sun and air.

It is frequently compressed by machinery until its density
approaches that of the lighter coals, and it is used in blocks
of such size as are found best suited to the particular purpose
for which it is prepared.

Its charcoal makes excellent fuel for use in working steel
and welding iron. It is frequently found to be a very excel-
lent fuel for other purposes, and is extensively used in some
localities. Its specific gravity is usually about o.5.

68. Wood, thoroughly seasoned, still contains about 20 per
cent of moisture.
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The moisture being completely driven off by high tem.
perature, there is left about 50 per cent carbon, and combined
oxygen and hydrogen compose the remainder, in very nearly
the proportions which form water. The pines and firs contain
turpentine, and other woods contain frequently a minute pro-
portion of hydrocarbons peculiar to themselves.

The proportion of ash varies from about 0.5 per cent to §
per cent. The woods all evaporate very nearly the same weight
of water per pound of fuel. The lighter woods take fire most
readily and burn most rapidly; the denser varieties give the
most steady heat and burn longest.

Where radiated heat is desired the hard woods are much the
most efficient.

The seasoning of wood is described in that work from
which these remarks are abstracted (Materials of Engineering,
Vol. I).

Thorough seasoning in the open air requires from six
months to a year, and is the only method generally adopted
for wood intended to be used as fuel. One cord of hard wood,
such as is used on the Northern lakes of the United States, is.
said to be equal in calorific power to one ton of anthracite coal
of medium quality. One cord of soft wood, such as is used by
steamers on Western rivers, is equal in heating power to g6o
pounds (436 kilogrammes) or 12 bushels (423 cubic decimetres)
of Pittsburg coal. One cord of well-seasoned yellow pine is
equivalent to § ton (500 kilogrammes) of good coal. (See § 84.)

69. Coke is made from bituminous coal by subjecting it to.
such high temperature as to deprive it of its volatile con-
stituents.

The presence of moisture in some of the coals largely
reduces their heating power. The bituminous matter causes
them to fuse and to form a coherent mass, and, by thus pre-
venting the passage of air, destroys their efficiency for many
purposes. The presence of sulphur and of deleterious volatile
substances in many coals also precludes their application to the
reduction of iron ores, and destroys their value for other metal-
lurgical purposes. All of these volatile materials being driven
off by heat, a mass of fixed carbon containing only earthy
impurities remains, which “coke” constitutes the fuel with
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which some of the most extensive and important metallurgical
industries are conducted. These volatile matters are sometimes
utilized, but are generally wasted, except where the coke is
considered a secondary product, as in the manufacture of illu-
minating gas.

Coking is carried on by either of three methods—in open
heaps, in ¢oke ovens, or in retorts.

The first method is extremely wasteful, and is rarely prac-
tised ; the second is more economical ; and the third is the best
where gas is manufactured, and is the only one practised in
that case. The second method is that generally adopted where
the coke is the primary product, as, although not as economical
as the last, it produces a strong coke which is much better
adapted for use m furnaces than that afforded by the last
method, which, although allowing of the complete separation
and collection of the liquid and gaseous products of distillation,
yields a coke which has too little density and strength to make
it a valuable fuel. :

Coke made in ovens is usually of a dark gray color, porous,
hard, and brittle. The best gives out a slight ringing sound
when struck, and has something of the metallic lustre. It
makes an intense, clear fire, and it should not be forced so as
to injure either the boiler or the grate by burning the iron.
Where the coals contain sulphur but are free from moisture,
provision should be made for the passage of a supply of steam
through the oven. This will give up its oxygen to the metal -
with which the sulphur is combined, and the hydrogen, uniting
with the latter, forms sulphuretted hydrogen. The coke is
thus left comparatively free from the noxious ingredient, and
as this is usually the only constituént of bituminous coal which
injuriously affects iron, the coke is a better fuel than the coal
from which it is made.

Various coals yield from 33 per cent to 9o per cent of their
weight in coke. The latter containing all the ash, the percent-
age of ash in coke will be higher than in the coal from which it is
prepared. Coke has a strong tendency to absorb moisture, and
may, when unprotected from dampness, condense 15 or 20 per

cent of its own weight within its pores.
11
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Many cokes contain 15 per cent ash and I or even 2 per
cent sulphur; while others contain but 3 to 5 per cent ash and
1y per cent sulphur.

70. Charcoal has the same relation to wood that coke has
to bituminous coals.

It is made from all kinds of wood, hard-wood charcoal
being the best for fuel. Wood of about twenty years of age is
-preferred, and should be charred before decay has commenced.
The methods of preparation are substantially the same, and the
chemical constitution of the product is very similar, although
its physical characteristics are quite different.

Charcoal prepared by charring in heaps seldom amounts to
more than 20 per cent of the total weight of wood used; care-
lessness in conducting the process may reduce the weight of
product far below even that figure. A considerable loss is
unavoidable, since the charring of one portion must be effected
by the heat obtained from the combustion of another part of
the wood. Sound wood is selected, cut in billets four or five
feet in length, and, when large, split into sticks of from three
to six inches in thickness. It is best to assort the wood,
placing each kind in piles by itself. In making up the heap
the ground is cleared, a stake is set at the centre of the cleared
space, and a layer of wood is put down with all the sticks laid
radially, and the interstices filled with smaller sticks. On this
layer the rest of the wood is piled on end, beginning by leaning
sticks against the centre stake. The whole is finally covered
with another closely packed layer, which in turn is completely
covered with sods.

A central hole is left, and also an uncovered ring around the
base five or six inches high, for the air-supply. One or two
horizontal passages left in the pile conduct the gases to the
centre, where they rise, passing out at the hole made by pulling
out the centre stake before firing the pile.

The fire being started and actively burning, all openings
are closed, and combustion is perfectly controlled by altering
their number and position. The condition of the fire is indi-
cated by the color of the smoke, which should be black and
thick; when it is light and bluish the draft should be more
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completely checked. The work is finished when the wood at
the exterior of the pile is found charred. All openings are
then closed, and the fire is thus extinguished. The pile can
be usually opened on the following day, and the removal of
charcoal begun. So crude a process is very liable to excessive
losses from the difficulty experienced in adjusting the supply
of air, and in conducting the heated products of combustion to
precisely the right points, and in precisely the right proportions
to secure maximum efficiency.

The presence of moisture in wood is productive of loss
by giving rise to the formation of carbonic oxide and of new
hydrocarbons. They carry off carbon which would otherwise
have been left in the solid state as so much charcoal.

Dry wood, charred in a retort, yields as a maximum about
30 per cent of its weight in charcoal. Of the carbon originally
contained in wood, therefore, by the first method of charring
not above one half may be expected to be obtained as charcoal,
while by the last method three quarters may be obtained by
skilful management. The latter process requires the expen-
diture of about one eighth of the weight of wood charred for
the production of the heat demanded by that process. It
therefore yields a net amount in charcoal of about 30 per
cent of the total weight of wood used. The wood which is
used for fuel, however, may be of less value than that charged
into the retort. Peat charcoal is sometimes made by similar
methods, but is little used. )

Wood heated to 300° Fahr. (150° Cent.) for a considerable
length of time loses 60 per cent or more of its weight. If
heated only to slightly above 212° Fahr. (100 Cent.), the loss
is but from 50 to 55 per cent. The residue resembles charcoal,
but in each case it retains some volatile matter which may be
driven off by higher temperatures. Karsten found that, by
rapid charring at high temperatures, he obtained as an average
about 15 per cent charcoal in one series of experiments; while
by slowly charring the same woods at a low temperature the
percentage obtained averaged about 25 per cent.

The combustibility of charcoal is greater when prepared at a
low than when prepared at a high temperature.
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Good charcoal is black, with a high lustre, and has a con-
choidal fracture. It is quite strong, and the best qualities ring
when struck, although less than good coke. It burns without
flame or smoke, and radiates heat strongly. It should not soil
the hands.

Charcoal and coke both make an intense, clear fire, and with
a forced draught, giving a small air-supply, afford an extremely
high temperature, which is liable to injure the grates or anything
metallic which may be subjected to its action.

71. Pulverized Fuel, or Dust-fuel, is sometimes used in
special processes. In the use of this form of fuel special ar-
rangements become necessary to secure thorough intermixture
of the fuel with the supporter of combustion, in order to effect
complete oxidation. The fuel itself is sometimes prepared by
pulverizing coal or other combustibles; and sometimes it is
obtained from the large deposits of “slack,” “breeze,” or coal
dust which are found wherever coal in large quantities is sub-
jected toattrition. It is sometimes burned on a very fine grate,
the requisite supply of air being secured by the use of a blast
beneath the grate.

One of the most successful methods is that pursued by
Whelpley and Storer, and by Crampton. In this process a
stream of mingled dust-fuel and air is driven into the furnace
where combustion takes place, the quantity of fuel and of air
being capable of adjustment in such a manner as to secure the:
most perfect combustion. This method has been applied suc-
cessfully, not only in the production of heat simply, but also in
the reduction of metals from their ores. The facility with.
which an oxidizing or a reducing flame may be produced at
will is the great merit of the process in the latter application.
Its advantage for heating purposes lies in the power which it
gives of utilizing a fuel which would have otherwise no value.
In making “muck-bar,” an economy over that attained with
coal of above 20 per cent has been reported to have been
effected by the use of this process and fuel. The saving
occurred in reduction of waste of metal, as well as in simple
economy of fuel. At the United States Armory at Springfield,
Massachusetts, 6.6 pounds or kilogrammes of fuel were con-
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sumed per pound or kilogramme of iron heated to the welding
heat, where 16 had been required by the old process.*

72. Liquid Fuels have been used to a limited extent. The
liquids best adapted for use as fuel are the mineral oils. They
yield an intense heat; the products of combustion, as well as
the fuels themselves, are comparatively free from deleterious
elements, and the temperatures obtained by their use are
generally easily regulated, when they are burned in manageable
quantities, Their tendency is to give off combustible gases,
which may cause serious explosions; and this fact, but especially
the difficulty met with in uniformly distributing the oil, and in
properly supplying it with air for its combustion, have hitherto
prevented the general use of these fuels, even where their com-
paratively high cost would not be a serious objection to their -
application.

Crude petroleum, on distillation, breaks up into a large
number of hydrocarbon compounds, having boiling-points
varying from 32° Fahr. (0° Cent.) to 700° Fahr. (371° Cent.), as
given by Van der Weyde. Its density is variable, but usually
about 45° Beaumé, corresponding to a specific gravity of about
0.8, the gallon weighing 6.67 pounds, and the litre weighing 0.8
kilogramme. It contains by analysis: carbon, 84; hydrogen,
14; oxygen, 2. The latent heat of its vapor is about one fifth
that of steam, and its volume 25 cubic feet to the gallon of oil,
or 0.2 cubic metre per litre.

The “creosote” or “dead oil” produced in gas-making is
sometimes used as fuel. In experiments on board the British
steamer Retriever, in 1868, where creosote was used for the
generation of steam by what is called the Dorsett system, the
evaporation was about 14 pounds or kilogrammes of water
from a boiling-point per pound or kilogramme of liquid fuel
used, or nearly double the average obtained where coal was used
in the same boiler.

Dr. Paul, reporting these results, gives the theoretic evapo-
rative power of the constituents of this fuel, in units in weight
of water per unit of fuel, as follows: phenol, 12.25; cressol,

* Report, Lieut. H. Metcalf to Major Burton, Oct. 31st, 1873.
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13.01; napthaline, 15.46; xylol, 16.59; cumol, 16.78; cymol,
16.04.

Capt. Selwyn, R. N,, reported an evaporative power from.
boiling-point of 16.77 parts water per part by weight of a
liquid fuel which had a theoretical efficiency of 17.52 parts.
In another instance he gives the evaporation of 14.98 from
the boiling-point, by a fuel having a theoretical evaporative
power of 17.5. Deville found oil from Oil Creek, Pennsylva-
nia, to have a calorific value of 10,000 “calories,” equivalent to
the evaporation of 16.17 parts of water for one part by weight
" of oil. Of this 13} per cent was lost by the chimney, and by
conduction and radiation. Some other oils give slightly higher
figures.

Liquid fuels have probably had most general and success-
ful application in Russia, where Mr. Urquehart and others
have adopted it for locomotives, and many steamers in South-
ern Russia have been fitted with petroleum furnaces. In these
cases crude petroleum and refuse is injected into the furnace
by means of a steam-jet in which highly-superheated steam is
employed. The furnace is lined with fire-brick and the com-
bustion-chamber as well, the burning jets passing first through
the latter, then onward to the furnace, where combustion is
completed. The brickwork serves as a reservoir of heat, regu-
lating the supply, and also at times re-igniting the jets of oil-
spray when they have been for a short time extinguished.

The use of oil on the steamers of the Central Pacific Rail-
~way Co. gave in 1884 an economy of from § to 12 per cent in
total running expense as compared with coal, with great saving
of boilers also.

Experiments made by Engineer-in-Chief B. F. Isherwood,
U. S. N., under the direction of the U. S. Navy Department,
upon various systems of utilization of petroleum as a fuel,
gave a maximum economy over the use of anthracite of 68
per cent by Fisher's method of burning oil, and 38 per cent
by Foote's process of burning liquid and solid fuel together;
he reports the failure of another method, in consequence of
the obstruction of the tubes by deposition of solid carbon.

Isherwood states the advantages attending the use of the
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mineral oils, which were the subject of his experiments, as fol-
lows:

I. A reduction of weight of fuel amounting to 404 per cent.

2. A reduction in bulk of 36} per cent.

3. A reduction in the number of firemen (“stokers”) in the
proportion of 4 to 1. ’

4. Prompt kindling of fires, and consequently the early
attainment of the maximum temperature of furnaces.

5. The fire can at any moment be instantaneously extin-
guished.

Other advantages, unmentioned by him, are the uniformity
of combustion and heating attainable, and the small propor-
tion of ash. The disadvantages are given as follows:

1. Danger of explosions occurring by the taking fire of
* the vapors which are liable to arise from the fuel, and to
escape from the tanks.

2. Loss of fuel by evaporation.

3. The unpleasant odors which distinguish these vapors.

4. The comparatively high price, which price would be
rapidly augmented by any general introduction of the pro-
posed application of the oils.*

73. Gaseous Fuels are used with marked success in some
branches of metallurgical work, as well as in the generation of
heat for ordinary purposes.

The advantages possessed by gaseous fuels are:

1. Convenience of management of temperature.

2. Freedom from liability to injure material with which
the products of combustion may come in contact, and conse-
quently, also, allowing the use of fuel of inferior quality as a
source of the gas.

3. The facility with which thorough combustion may be
secured.

4. The readiness with which the flame may be given either
an oxidizing or a deoxidizing character.

* This may be questioned, since recent explorations of oil deposits, especially
of the United States, indicate an immense supply. (See discussion by Dr.
Dudley, J. F. Inst., 1888.)
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5. In many cases economy in expense of operation.

The disadvantages are :

1. Danger of explosions when carelessly or unskilfully
handled. .

. 2. Expense of plant.

74. Artificial Fuels, other than charcoal, coke, and gases,
are occasionally used in the production of high temperatures.

They are prepared principally from refuse of natural fuels,
which has but little value in its usual condition, but which, by
special processes, is simply mixed with a small proportion of
fuel of better quality or of more manageable form, and is
compressed by machinery into conveniently shaped blocks,
called ébriguettes. This refuse is found in large quantities in
the neighborhood of coal-mines, and wherever coal is handled
in considerable quantities.

The total loss in this form in mining and transportation
amounts to from one third to one half. It is called, as has
been before stated, slack-coal.

In the manufacture and transportation of coke and of
charcoal, large quantities of refuse, called “ breeze,” accumu-
late; which, although very rich in combustible matter, can-
not be utilized in the condition in which it is found, except
by special contrivances. The sawdust which accumulates
about saw-mills is another variety of combustible belonging
to the same class; as is also spent tan-bark, from tanneries.
and “ bagasse,” or refuse crushed sugar-cane.

They are most frequently mixed with some cohesive and at
the same time combustible substance, as coal-tar. In districts
abounding in mineral hydrocarbons, as in the neighborhood
of the Caspian Sea, it has long been customary to mix them
with clay, and thus to form a coherent and manageable fuel.
The Norwegians have also long practised their method of
utilizing sawdust by mixing it with clay and vegetable tar,
and moulding it into bricks of such size and shape as to be
conveniently handled, and at the same time to .burn freely
and without waste. It has been often urged, and with some
reason apparently, that for many purposes a fuel made by
careful mixture of dust-fuel with pitch or other combustible
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cementing material is preferable to ordinary coal, in conse-
quence of the greater convenience with which it can be stowed
and handled.

Another method of utilizing waste fuels consists in thor-
oughly mixing, by grinding, charcoal-dust from the kilns with
charred peat, spent tan-bark, and the proper proportion of tar
or pitch to make a pasty, adhesive mass. This is moulded by
machinery and dried in the open air, and then finally baked
in closed retorts at a low heat. Dust-coal and pitch have been
made into a good fuel in quite a similar manner to that just
-described.

75. The Heating Power of any Fuel is determined by
-calculating its zofal keat of combustion. This quantity is the
sum of the amounts of heat generated by the combustion of
the unoxidized carbon and hydrogen contained in the fuel, less
the heat required in the evaporation and volatilization of con-
stituents which become gaseous at the temperature resulting
from the combustion of the first-named elements. It is meas-
ured in “ thermal units.”

A thermal unit is the quantity of heat necessary to raise a
unit weight of water, at temperature of maximum density, one
-degree of temperature. The British thermal unit is the quan-
tity of heat required to raise a pound of water from the tem-
perature 39°.1 to 40°.1 Fahr. The metric unit or calorie is the
-quantity of heat required to raise one kilogramme of water
(2.2046215 pounds) from 3°.94 to 4°.94 Centigrade.

One metric or centigrade unit is equal to 3.96832 British
units, and a British unit is equal to 0.251996 metric unit.

An approximate estimate of the number of thermal units
-developed by the combustion of a pound or kilogramme of any
"dry fuel, of which the chemical composition is known, may be
obtained by the use of the following formula:

k = 14,500C + 62,ooo(H - —?—)

k& = 8,080C + 34,462(H — g),
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where % is the number of British thermal units representing the
total heat of combustion of one pound of the fuel; 4’ is the
number of metric units per kilogramme of fuel; C represents
the percentage of carbon, /£ that of hydrogen, and O that of
oxygen.

Thus an anthracite coal has been found to have the follow-
ing composition :

COMPOSITION OF ANTHRACITE COAL.

Per cent.
L7 ¥ . T 8r.34
Hydrogen, uncombined. ........cooiiviiieiriveiarnnanns 3.45

Hydrogen, in combination..........ccocvviiinineaiienns 0.74
Oxygen and Nitrogen......covvvvvieeienieenseecnannne 5.89
Sulphur...iieiiiiiiiiiiiie ciiiiiiii e tiraetsieannanee 0.64
Water. .t viieiiiiitetiiensinierssesaresencsscasaacnnss 2.00
7 ¥ 5.94
7 100.00

One pound or kilogramme of coal, of which the above is an
analysis, can evaporate theoretically 14.4 pounds or kilogrammes.
of water from and at 100° Centigrade, or 212° Fahr.

M. M. Scheurer, Kestner, and Meunier have adopted the
common formula as first proposed by Dulong, but would omit
all account of oxygen, thus reducing, as is claimed, the average
error of the formula from about 12 per cent or more to &
or 10. M. Cornut would ‘separate the fixed from the volatile
carbon, and would give the latter about one third more credit
for heating power than the former; closer approximations are
thus made than by the other methods.

Various methods of approximate determination of the
heating power of fuels have been proposed. The use of the
calorimeter is probably the most satisfactory ; another method.
is that of computation from the known chemical composition
of the fuel, and the law of Welter, who found the quantity of
heat produced in combustion very closely proportional to the
weight of oxygen absorbed. Berthier's method is often em-
ployed: this consists in heating the fuel sample to a red heat,
in a closed vessel, with litharge or other source of oxygen.
When lead oxide is thus used, the weight of lead reduced to
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the metallic state is a measure of the oxygen absorbed. The
most satisfactory of later methods and apparatus are described
in the Appendix. ‘

The value of 4 or of 4’ ranges between 5500 British or 1386
metric units for dry wood, and 16,000 or 4032 for the best
known coals. The equation given is deduced from the experi-
ments of MM. Favre and Silbermann, who determined the
total heat of combustion of one pound of pure carbon to be
14,500 British or 3654 metric thermal units, and of one pound of
hydrogen to be 62,000 British units, or 15,624 calories. The
combustion of one kilogramme of each would develop 31,967
British or 8080 metric units, and 136,686 British or 34,462
metric units, respectively.

The combustion of the several kinds of carbon produces the
development per unit of weight of :

British Units. Metric Units, Material,
13,986... .cciiiinnannnn 70770 et eecnorseanann. Diamond
13,968, ¢ ciciiiiiiinnnne 7,760 0 cciiiieiicnnnns Iron Graphite.
14,040. ccoersareancsans 7,800, c.iiiiiiinennns Natural Graphite.
14,490 ceeceeansonsnnns 8,080, ccituierincnnnns Gas Carbon.
14,500 tovvnoncansennas 8,080 000000 rnnnnnnns Wood Charcoal.

Where the chemical composition of the fuel is unknown
and cannot be readily ascertained, its heating effect may be
determined experimentally by burning a known weight and
passing the products of combustion through a calorimeter of
such area of heating-surface as to reduce their temperature very
nearly to that of the atmosphere before discharging them.

The table given hereafter exhibits the total heating effect
of various fuels as estimated from analyses of good specimens.

Where the heat produced is not so thoroughly utilized as to
cause the condensation of vapors which may pass off with the
permanent gases resulting from combustion, there is necessarily
a greater loss of the heat of combustion of hydrogen than of
that of carbon, and the relative heating efficiency of carbon is
considerably increased by the facts that it must be raised to
red heat as a solid before combustion can occur, and that the
specific heat of carbonic acid (0.216) is only about one half that
of aqueous vapor (0.475).
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The general formulas, as given by Watts, for ascertaining
the thermal effect of any fuel of a known composition are as
follows:

For combustion in oxygen:

cCHcH—IW

T=S.3.67C+9H+S/W.‘ e o o o o © o (2)

For combustion in air:

cCH+H—-IW

T= S.367C+ 9H+ s W+ S”N—f—:’”A' P (3)

Here 7 = increase of temperature produced by combus-
tion ;

C and A = quantities of carbon and hydrogen available in
1 part by weight of the fuel;

W = total quantity of water yielded by 1 part by

weight of the fuel;
/ = latent heat of water;
S, 8, 8", 8" = specific heat of carbonic acid, water-vapor,
nitrogen, and air;
¢ and ¢’ = calorific power of carbon and hydrogen;

N = quantity of nitrogen in air necessary for con-
verting combustible constituents of 1 part by
weight of fuel into carbonic acid and water;

A = extra quantity of air supplied for combustion.

76. The Temperature of the Fire depends, not solely on
the amount of heat generated by combustion, but also on the
quantity and nature of the resulting products of combustion.

The total heat generated by the combustion of fuel is all
communicated to the products of combustion, which are usu-
ally gaseous, giving them a temperature which is determined,
partly by the calorific power of the fuel, and partly by their
nature. Thus, carbon requires for its combustion to carbonic



THE FUELS AND THEIR COMBUSTION., 173

acid 2.67 times its weight of oxygen, producing 3.67 times its,
weight of carbonic acid.

The heat generated by combustion of carbon is capable of
raising 8080 times its weight of water from 4° to 5° C., and
would raise the temperature of water equal in weight to the
carbonic acid produced, about 2202° C.*—i.e., 8080 X 1° =.
2201°.63 X 3.67.

But the specific heat, or capacity for heat, of water is.
greater than that of carbonic acid ; the increase of temperature
in the carbonic acid produced is correspondingly greater than
the rise in temperature that would be produced in a quantity
of water equal to 3.67 times the weight of carbon burnt. The
quantities of heat necessary to produce equal increase of tem-
perature in equal weights of carbonic acid and of water being
in the proportion of 0.2164 : 1.0000, the amount of heat needed
to raise the temperature of 3.67 parts water and 3.67 parts car-
bonic acid one degree, are as

3.67 __ 367
3.67 X 0.2164 0.794

Hence the rise in temperature of the 3.67 parts of carbonic
acid, to which the heat of combustion of 1 part carbon is trans-
ferred, may be calculated by dividing the given number of heat-
units by the amount of heat required to raise the temperature.
of the 3.67 parts carbonic acid one degree, or

80
= 10,174° C. = 18,345° F.
o794 74 345

The heat of combustion of hydrogen is sufficient to raise
the temperature of 34,462 times its weight of water 4° to 5°
Cent., but it requires for its combustion 8 times its weight of -
oxygen, and produces g times its weight of vapor. The prod..

* Warts’ Dictionary of Chemistry,
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ucts of combustion weigh nearly 24 times as much as those of
the combustion of an equal weight of carbon. Some of the
heat produced by the combustion of hydrogen becomes latent
and does not increase the temperature of the gases.

The latent heat of water, or that needed to convert 1 part
of water at 100° C. into steam, is 537 times as much as is
needed to raise the temperature of an equal weight of water
from 4° to 5° C,, and 966.1 times the quantity which will raise
the temperature of one part from 39°.1 to 40°.1 Fahrenheit.
The quantity of heat latent in the g parts vapor produced by
the combustion of hydrogen will therefore be 4833 metric heat-
units; this must be taken from the total amount of heat gen-
erated in calculating the quantity of heat producing rise in
temperature. .

Partsby Metric British
weight of Heat- Heat-
water vapor. units. units.
Total heat of combustion of 1 part
hydrogen........ceceiveeannn 34,462 62,000.0
Latent heat of water in heat-units.. 9 X 8§37 = 4,833 92X 966.1 = 8,694.9
Available heat..........cocvuuinen 29,629 = 53,305.1

The specific heat of water vapor is 0.475; the heat raising
the temperature of g parts water and g parts water vapor have
the proportion

9X1 _ 9
9 X 0475~ 4.275’

and the rise in temperature will be

29629
4.275

= 6930°.7 C. = 12,475°.3 F.

Thus the heating and the calorific power are not necessarily
the same. The heating effect depends only partly upon the
calorific power of the fuel burnt.
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RECAPITULATION. (WATTS.)

IWeigm Yoan of Ratio. | Braght of|Ratio.| Fleat- |Ratio.| TRermal IRavio,
(Hi‘arbon“.. 1 2.67 1 3.67 |1 8080 |1.000| 10176° |1.000
Hydrogen..| 1 8 3 9.00 | 2.4 | 34,462 |4.265[6930.7° |0.681

In these examples combustion takes place in oxygen, and
with no more than is theoretically needed. In all actual cases
of combustion, atmospheric air supplies the oxygen supporting
the combustion. Nitrogen, of which it contains 77 per cent,
dilutes the products of combustion and reduces the tempera-
ture. In the case of combustion of carbon in air, the nitro-
gen in air containing 2.67 parts of oxygen amounts to 8.94 by
weight.

The specific heat of nitrogen is 0.244, and the quantity of
heat needed to raise the temperature of the nitrogen from 4°
to 5° C. is:

8.04 X 0.244 = 2.181 units.

Adding to this the heat needed to raise the temperature of
the carbonic acid produced, the amount of heat needed to raise
the temperature of all the products of combustion in air from
4° to 5° C. will be

2.181 4 0.794 = 2.975 units.

And the elevation of temperature will be

5975 —2715 C. =4887°F.

Burning hydrogen in air, the nitrogen in air containing 8
parts of oxygen is, by weight, 26.78 parts, and the amount of

heat needed to raise its temperature from 4° to 5° C. is:

26.78 X 0.244 = 6.534 units,



176 THE STEAM-BOILER.

and the consequent rise in temperature will be

29629

— .2 1°C. = °F.
F275F 6534 74 4934

The difference between the temperatures attainable by the
combustion of carbon and hydrogen in oxygen and in air is.
much the greatest with carbon, as the quantity of heat pro-
duced by its combustion is much less than that generated by
burning hydrogen, thus:

RECAPITULATION. (WATTS.)

Calorif ‘TEMPERATURE PRODUCED. DIt
Power. |Ratio. I ference. |Ratio.
o - Ratio.| In Air. |Ratio.
xygen.
Carbon..........| 8.080 [1.000{10,174° |1.000| 2,715° [1.002| 7,459 [r.000O-
Hydrogen....... 34.460 [4.265| 6,930° |0.681] 2,741° x.oogI 4,189 [0.561

Thus in all cases where high temperatures are demanded, it
is of advantage to increase the amount of oxygen in the air
supporting combustion, and to restrict the influx of nitrogen
and of superfluous air. Thus also the reason of the attainment
of high temperatures by combustion in pure oxygen with the
oxyhydrogen blow-pipe is readily seen.

The quantity of air supplied is usually much greater than
that simply required to furnish the oxygen to consume the
combustible. In practice it often amounts to twice as much,
and is rarely less than one and a quarter times the quantity
theoretically needed, and there consequently follows a propor-
tionate reduction of the temperature attainable. When carbon
is burnt with twice as much air as is theoretically needed, the
products of combustion have 24.22 times the weight of the car-
bon, and with hydrogen 80.56 times the weight of the hydro-
gen.
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AIR REQUIRED TO SUPPLY A DOUBLE AMOUNT OF OXYGEN.

prgy e | RIACS
of Air. Fuel, Cubic Feet.

Parts by Weight of
Gaseous ucts,

80.56

23.22 303.39 25.22
908.62

The specific heat of air is 0.2377, and the quantities of heat
needed to raise the temperature of the air demanded from 4°
to 5° and the temperature resulting from combustion are :

Combustion of carbon:

2.7597 = 11.61 X 0.2377,

8080

__880 _  .s°C
2.750 + 2975 4

and

Combustion of hydrogen:
34.78 X 0.2377 = 8.2672,

29,629
8.2672 -} 10.8093

and = 1553°C.

It is evidently always desirable to secure perfect combustion,
and with the least possible air-supply. With the forced draught
produced by a fan or blast-pipe, fuel may be burnt with less air
than with a chimney draught. Tables in the Appendix exhibit
the measures of air-supply corresponding to various stated pro-
portions of furnace-gases.

Dissociation is a phenomenon which probably rarely if ever
occurs in familiar practice. Oxygen and hydrogen, combined
to form water, or steam, at ordinary furnace temperatures, are
separated again by heat-energy when the temperature is some-
where below 6000° Cent. (10,832° Fahr.). St. Claire Deville, the
first to observe and study this phenomenon, concluded that dis-

12
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sociation may commence at 1000° Cent. (1832° Fahr.) or below
that heat.¥ Deville and Debray reported the temperature of
the common oxyhydrogen flame to be not above 2500° Cent.
(4532° Fahr.), and Bunsen found that under increasing pres-
sures the temperature limit as fixed by dissociation was raised
until, at ten atmospheres, it had increased ten per cent or more.

77. The Minimum Quantity of Air required for the per-
fect combustion of any kind of fuel may be readily calculated
from its known chemical constitution.

Calling the weight of air W, and denoting the weights of
carbon, hydrogen, and oxygen, C, H, and O,

W=izc+36( -%).. c e e @

The value of W ranges from 6 for dry wood, to 12 for an-
thracite and good bituminous coal. Charcoal and the softer
bituminous coals require about 11 parts by weight of air per 1
part of fuel. :

These values can only be approximated, in practice, with
extremely slow and carefully managed combustion. A perfect
intermixture of the combustible with the supporter of combus-
tion can only be secured by the admission of some excess of air
to the furnace. Probably about double the estimated amount
of air is usually provided, although in some cases, where a
forced draught produces exceptionally complete intermixture
of the gases, the quantity may be brought as low as 18 pounds
of air per pound of coal.

In one instance, in which a furnace burning wet fuel was
tested by the Author, to determine its economic efficiency, the
quantity of air supplied was very little in excess of that dictated
by theory. This was, however, an exceptional case. As the
excess of air must be heated to the temperature of the chimney,
and then thrown away, it causes a notable waste of heat.

The weight of a cubic foot of air at mean atmospheric tem-
perature being 0.076361 pound, the volume of air required for

Archives des Sciences Physiques, 1860, t. ix., p. 51.
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perfect combustion, in any case, may be determined by the
equation :

=ic+anle-3). . ... 0

Eighteen and twenty-four pounds of air, required, as stated
above for combustion, in the case mentioned, of one pound of
coal, would measure, respectively, 236 and 314 cubic feet.

The weight of a cubic metre of air is 1.224 kilogrammes.
The volume, in metric measures, required in any case is there-
fore

V’=9.8€+29(H—%).. C e .. (6)

Tables in the Appendix show, in detail, the results of com-
bustion of anthracite coal with minimum air-supply and with
double that quantity.

78. The Temperature of the Products of Combustion
may be calculated, as has been shown, with approximation to
accuracy, from the known weight of the fuel and of the prod-
ucts of combustion, the heat-generating power of the former,
and the specific heat of the latter.

The specific heat of the products of combustion are, at con-
stant pressure, and for equal weights:

SPECIFIC HEATS OF PRODUCTS OF COMBUSTION. (REGNAULT.)

(Water = 1. Pressure constant.)

Al ittt tiititiiitettiies tttrrseteatiatortinneianes 0.2374
OXYZON. .t vieenenroseosrssossosssoassosssssassssnsanes 0.2175
Nitrogen. . ooiveiieirocrecescsoesnocncasssscosane sns .. 0.2438
Steam...ccoieinnninnenne Ceessacsens teetscasssecnsssane 0.4805
Carbonic acid. .ccoiveiiiereriiieninteieniaeracancnnnns 0.2164

The proportions in which these substances occur in the prod-
ucts of combustion being known, the mean specific heat of all
may be determined ; and the total heat of combustion of one
pound of fuel being divided by the product of this weight by

.
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this mean specific heat, the quotient is the probable tempera-
ture of the furnace gases.

Rankine gives the result of this calculation, in cases where
carbon alone is burned with undiluted air, and diluted with one
half and with equal weight of additional air, respectively, 4580°,
3215° and 2440° Fahr,, equal to 2627°, 1824°, and 1338° Cent.

" Olefiant gas, similarly treated, should give temperatures of
5050°, 3515° and 2710° Fahr.; or 2788°, 1953°, and 1488° Cent

The mean specific heat of the products of combustion is
practically equal to the specific heat of air. (See Appendix.)

The following are the specific heats given by Rankine:

SPECIFIC HEAT UNDER CONSTANT PRESSURE.

Carbonic-acid gas.......covveeenens [ creeas 0.217
Steam..... ceveasane Ceseetsenana cesstesvesnasssannssean 0.475
Nitrogen, probably....c.cceieiiiinieiieeressssrcane. o0 0.245
Aif.veiienannee eetevesettatensarariane cesecesssssrsess 0.238

ASheS. ... covietivenerncrtcsrccscsancssccssscesscacsss 0.200

Carbon .......... teseescearnaae Ceersesesessnararssans 93.78
Sulphur........... teesescceccecnsensarstannenn cecen oe 0.82
Ash..... eteesesiesesnattrcatansseassasonnns cecesessse  5.40

Total...coveveennrneseccnannaes e eeeiiserienenans 100.00

liberates 13,640 British thermal units per pound and requires
10.91 pounds of air per pound of fuel, for complete combustion,
the heat produced being 1145 units per pound, the resultant
rise in temperature being 4877° F. (2709° C.), and the amount
of water evaporated, as a maximum, being 14.12 times the
weight of the coke.

The best bituminous coal contains, as an example,

(01 4 T cecees-esens. 81.47
Hydrogen.....cooeeivee cvnnen Y W 1 |
Nitrogen......eveeereirceeeseiennasoncncsnccssncacness 1.63
Oxygen......... Y 1} ]
Sulphur........ P 8 ()
Ash...... Necetescseseeccttecsacssssectcsaroconcacecss  §.5I

Total.......... Cereeenceans cssescscssssscecssnss . 100 OO
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Its complete combustion requires 10.99 times its weight of
air, giving a rise of temperature of 4830° F. (2683° C.) and an
evaporation of 14.64 times its weight of water from and at the
boiling-point. The heat produced is 14,143 units per pound
of fuel, or 118° per pound of furnace gases.

Oak wood, according to Deering,* has the composition,
when kiln-dried,

OXYZeN. . tvieeiineniascssacessssnssssassssssancansases 41.27

Hydrogen........... ceieane cescssnsncensses ceeeasenens 6.00
Nitrogen........... ceeeee oo evascssscsseoseanses ceeses 1.13
Carbon......... Ceesseeienenns esesecscesssossasses veee 49.95
Ash.......... cesee cvscsscnne ceecvesccsncccansnesnas 1.65

Total...... N Cerreeeas Cerenecneees .. 100.00

It will evaporate 7.98 times its own weight of water, develop-
ing 7713 British heat-urmrits per pound, demanding 6.08 times
its own weight of air for complete combustion, the products of
combustion containing 1089 heat-units per pound and attaining
a temperature of 4287° F. (2382° C.).

Pennsylvania petroleum, having the composition, according
to Deering, of )

Carbon. ...cevenregeseessos 85| Hydrogen..ooivvvinnnnnnen 15

requires 15 times its own weight of air for complete combus-
tion, liberates 20,360 British thermal units per pound of the
liquid, or 1267 per pound of products of combustion, and de-
velops an increase -of temperature of 4900° F. (2722° C.).

Illuminating gas, according to Mr. Deering, having the
composition, '

Carbon........... P 3 8 1]
Hydrogen.......... ... teceesens tessssesssescescesness 25.55
Nitrogen. ....coviiieieiniiiniientnineienersnonennmanss 8.72
Oxygen............ ceeess estecessasasesennne N 4.47

Total..ovvvvvinnnnnnnn Cereesaeenitinaas 100.00

develops 20,801 British thermal units per pound, equivalent to

# Howard Lecture. W. Anderson. London, 188s.
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the evaporation of 21.53 times its own weight of water, the
best mixture for complete combustion being 15.66 parts of air,
by weight, to one of the gas. The rise in temperature with
perfect combustion is 4567° F. (2537° C.), the total heat liber-
ated being 1250 British thermal units per pound of the mix-
ture.

The same gas, per 1000 cubic feet, weighs as follows:

Carbon....... e eeeee trerreteeeeeeteeeeeaneaeeas 18.19 lbs.
Hydrogen....... cereeene eeese sasasvescsons ceeasees 7.58 ¢
Nitrogen.... .. C eeteesessesicssacasecctasseassaess 2.59 ¢
Oxygen.....ccovununs ceteeinne ceceerseens Cetieenes . 1.33 *

Total.......... cerenees N 29.69 Ibs

It produces 617,485 units of heat, and can evaporate 639 pounds
of water, demanding 465 pounds of air for complete combus-
tion.

By using the data of Rankine, results are obtained for the
two extreme cases of pure carbon and olefiant gas, burned re-
spectively in air; British units are used thus:

o Carbon.  Olefiant Gas.
Total heat of combustion per pound.......... .c..cc00a. 14,500 21,300
Weight of products of combustion in air, undiluted...... 13 lbs. 16.43 lbs.
Their mean specific heat...... e csescacessvsssess soss 0.237 0.257
Specific heat X weight.................. Cosece sacesas 3.08 4.22
Elevation of temperature, if undiluted............ seeeee 4,580°  5,050°

If diluted with air = % air for combustion.

Weight perlb. of fuel... c.cievtiiiieiiieriinnneaees 19 24.2
Mean specific heat......... eeens teeeesssessasesaaans . 0.237 0.25
Specific heat X weight.............. i esesasce s eeess 4.51 6.06
Elevation of temperature......cocu... tetsreesresetennan 3,215° 3,515

If diluted with atr = air for combustion.

Weight perlb, fuel.................. Gecaseesseennena .. 25, 31.86
Mean specific heat... ....... cessesessesene cecsestsasaes 0.238 0.248
Specific heat X weight........c..cioiineennsnn. Ceteeens 5.94 7.9
Elevation of temperature....... [ Ceresereaae. 2,440°  2,710°

For wet fuel, like sawdust, or spent tan from the leach, the
Author has made the following estimation in one actual case
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where the fuel consists of 45 per cent of woody fibre, and 55
per cent of water.

Taking the available heat per pound of the dry portion at
6480 British thermal units, each pound of wet fuel yields 2916
units of heat. Of this, 531.6 are absorbed in the evaporation
of the 55 per cent of water, leaving 2384.4 units to raise the
temperature of the products of combustion. Of these there
are, as a minimum, 3.7 pounds, having a mean specific heat of
about 0.287.

The elevation of temperature is therefore 2245.3° Fahr.,
and adding the mean temperature of the atmosphere, 74°, the
mean temperature of furnace, assuming no dilution with un-
used air, and no losses, would have been about 2320° Fahr.
(1271° Cent.). Losing 24 per cent by radiation and conduc-
tion, etc., the actual temperature was 2260° Fahr. (1238° Cent.).

The temperature of chimney flue was found by experiment
to have been 544°. The furnace gases were therefore cooled
2260° — 544° = 1716° Fahr. (937° Cent.) by the loss of the
heat given up to the boiler. This is equivalent to 1716X0.287
= 492.5 British heat-units per pound of gas, and to 4049.4
units per pound of ligneous material in the fuel.

The “ equivalent evaporation,” from and at 212° is 4049.4
-+ 966.6 = 4.18 pounds of water. The actual evaporation was
equivalent to 4.24 pounds, and the difference—less than one per
cent of the total—represents losses and errors of calculation.

The actual existing temperature of furnace can be also thus
estimated. The available heat per pound of fuel, including
water, has been given at 2916 British thermal units. Of this
531.6 '
2916
ing the temperature of either the furnace or the chimney.
Hence, of all heat liberated, 1.00 — 0.182 = 0.818 was efficient
in elevating the temperature of furnace, and 0.37 — 0.182
= 0.188 was effective in producing the observed temperature,
544° Fahr., of chimney. Then, since the same quantity of
gas passes at both places, the temperature of furnace was

(g'?ég X 470) +74° = 2119° Fahr. To this is to be added

= 0.182 passed off with vapor, and was not useful in rais-
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the slight loss of temperature en route between furnace and
chimney by conduction and radiation, which may make the
figure very nearly 2260° Fahr., as above.

The actual temperature of the furnace may be judged, in
any case, by observing the brilliancy of the light radiated from
any solid in its midst, and presumably at its own temperature,
as by the following table given by Pouillet :

Appearance. Temp. Fahr,
Red, just visible...... ceseene teeecanes R ¥ & A
B 11 | S & 10 ]
“ cherry,dull.......ciiiieinnnn ceierereienne eeseaan 1470
“ ‘ full....... tetsesassasessetetntensetanonins 1650 °
“ o clear....ciee veenee cesscesnnas cee enenenees 1830
Orange, deep ....-.... cesssessasen cesene sessessessasss 20I0
“  clear........... T cesessseesanssees 2100
White heat............... teetecsse.ensecenns tesssasesss 2370
‘“ bright...... Cteseteesesetetaccesnsancsrcsnns eees. 2550
¢ dazzling....... teseesasasaseas cesescinsssiscsesses 2730

To determine temperature by fusion of solids, we have
also from the same authority—

Substance. Temp. Fahr.
Tallow..... sesncces Cessessstannan ceccesssrsennossaissns 92°
Spermaceti.......... N ¢ 1]
Wax, white........ Csessecsessrscscsasrascctntatsntane . I54
Sulphur...c.cveevennnn. cteesesecscsesnssasnscaasssacens 239
1 T teecsssans cecevsensoses asovins 455
Metal.

Bismuth.......... Ceiesasneans cereeennen ceesisnenans vee. 518
Lead....... cetossevesnen cnvess Ceieeseescaeteincanenn 630
ZinC...oooveiinnnn ieseane ceesereenarancnonnnnas 793
Antimony...... cecccees ceeneen cterenaen [P -3 ()
Brass .....ciciveiieninns P {11}
Silver, pure.......c..... ceeeenes cereens cecesseesasasaa. 1830
Gold coin..... tetctesatenscnens ceacetannnnns sreacesasanae 2156
Iron, cast, medium............co.u... cececsseosacscascas 2010
Steel..oiiiiiiiiii e cscceassecassessanes 2850
Wrought-iron . ....coveiinnncens cesesnnes cevecseiecens 2910

79. The Rate of Combustion is determined principally
by the quantity of air supplied. The amount of coal burned
per square foot of grate with chimney draught varies very
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nearly with the square root of the height of the chimney, and
has been found by the Author, ordinarily, to be very nearly, as
a maximum,

W=2VH—1, or W=17VH —o.,

where W and W are weights of fuel burned per hour per
square foot of grate, and on the square metre, in pounds and
kilogrammes, and A and A’ are the heights of chimney in feet
and metres.

A chimney 64 feet or 194 metres high, will, for example,
under favorable conditions, usually support combustion of 15
pounds of coal per square foot of grate, or of 73 kilogrammes
per square metre. The weight of combustible which may be
burned in any unit of time may be calculated approximately
by dividing the weight of air which can be supplied in that
time, by its proportion to weight of fuel, as determined in the
preceding paragraphs. Inexceptional cases there is sometimes
a large excess of air, and sometimes a considerable deficiency.
In such instances, direct experiment only can determine the
amount of fuel burned.

80. The Efficiency of the Furnace, considered as a heat-
utilizing apparatus, is determined by the temperature of fur-
nace gases, by the thoroughness with which complete combus-
tion is secured, and with which losses of fuel and of heat are
prevented. It is measured by the ratio of the amount of the
total available heat of the fuel to that of the heat actually util-
ized. This efficiency is rarely so high as 80 per cent, and fre-
quently falls to 50 per cent.

In all cases, efficiency is to be studied, in applications of
heat, in two parts: (1) the efficiency of the heat-generating and
absorbing apparatus, i.e., the furnace; (2) the efficiency of the
heat-utilizing apparatus and methods, as the steam-boiler, the
heating-chamber of the reverberatory furnace, or such other
heat-absorbing arrangement as may be adopted.

(1) The efficiency of the furnace is represented by

T — 1,

E=r—m
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in which £ is the ratio of the heat rendered available to heat
developed; 7,, 7,, 7,, are the temperatures of furnace, of
chimney, and of external air. For examples, in two actual
cases, 7, 7,, T,, were, 2118° F., 544° F., and 74° F., or 1176°,
302°, or 510° 251° and 48° C. for the second case. The values
of the efficiencies of the two kinds of apparatus were

2118° — 544° 919° — 452°

m =0.77; and agT:'gg.Ea = 0.56;
or for Centigrade degrees,

1176° — 302° . 510° — 251° )

11765 = r° = 977 and 107 — 48° =0.56;

the first being nearly 40 per cent higher than the second. A
certain change of fuel would have given the first a maximum
temperature of 2644° F., 1451° C., and would have raised its
efficiency to )
2644° — 544° _
2648 — 78~ OO0
or

o __ C)
451 = 279 _ o8

1451° — 23

(2) The efficiency of the heat-absorbing apparatus is de-
pendent upon the character and proportion, and is not treated
here. The highest efficiency in heat-production is secured by
perfect combustion with the least practicable airsupply, thus
obtaining the highest possible resulting temperature.

A large part of the heat produced by combustion of fuel
is expended in procuring chimney draught. This is not avail-
able for producing any other useful effects.

The amount of heat thus expended varies with the nature
of the products of combustion, and the use to which the heat
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is to be applied. In all cases the heat thus discharged is.
wasted.

The temperature of the products of combustion cannot.
usually be reduced much below about 600° F., or 315° C.

81. Economy in Combustion of Fuels, where they are
used simply in the production of high temperature, is so im-
portant a matter, except in those favored localities where the
proximity of coal, or of peat-beds, or of forests, renders its.
waste less objectionable, that the engineer should omit no-
precaution in the endeavor to secure their perfect utiliza-
tion.

To secure the greatest economy, it is necessary to adopt a.
form of grate which, while allowing a sufficient supply of air
to pass through it to insure complete combustion, has such
narrow air-spaces as to prevent waste of small fragments, by
falling through them.

The narrower the grate-bars and the air-spaces, the more:
readily can losses from this cause and from obstruction of
draught be avoided. With a hot fire, however, the difficul-
ties arising from the warping of the bars become so great,
that it is only by peculiar devices for interlocking and bracing
them that their thickness can be reduced below about § of an
inch at the top. Many such devices are now in use. In fur-
naces burning wet fuel, with an ash-pit fire, fire-brick grate-bars:
are used.

A certain amount of air must usually be allowed to enter
the furnace above the grate, to consume those combustible
gases which do not obtain the requisite supply of oxygen from
below. The carbon, probably, in such cases usually obtains
its oxygen from below the grate, while the gaseous constituents.
of the fuel are consumed by the oxygen coming in above.

Chas. Wye Williams, who made most extended and care-
ful experiments on combustion of fuel, recommended, for
ordinary cases, where bituminous coal was burned, a cross area
of passage, admitting air above the grate, of one square inch
for each goo pounds of coal burned per hour, or about one
square centimetre for each 63 kilogrammes of fuel. This area
should be made larger, proportionally, as the thickness of the
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bed of the fuel is increased, and as the proportion of hydrocar-
bons becomes greater.

Chilling the gases, before combustion is complete, should
be carefully prevented; and comparatively cold surfaces, as
those of a steam-boiler, should not be placed too near the
burning fuel. A large combustion-chamber should, where
possible, be provided, and more complete combustion may be
expected in furnaces of large size, lined with fire-brick, and
with arches of the same material, than in a furnace of small size
where the fire is surrounded by chilling surfaces, as in a “fire-
box steam-boiler.”

Finally, the greatest possible amount of heat being devel-
oped in combustion, careful provision should be made for com-
pletely utilizing that heat.

In a steam-boiler this is accomplished by having large heat-
ing-surfaces, and by so arranging the distribution of the
adjacent currents of water and of hot gases that their differ-
ence of temperature shall be the greatest possible. The gases
should enter the flues at that part of the boiler where the tem-
perature is highest, and leave them at the point of lowest tem
perature. The feed-water should enter as near as possible to
the point where the gases pass off to the chimney, and should
gradually circulate until evaporation is completed at, as nearly
as possible, that part of the boiler nearest to the point of
entrance of the heated gases.

Where a small combustion-chamber is unavoidably employ-
ed, as in locomotives, various expedients have been devised
with the object of producing complete intermixture of gases
before entering the tubes. The most common and most suc-
cessful is a bridge-wall, sometimes depending from the crown
sheet, but sometimes rising from the grate, and which, by the
production of eddies in the passing current, causes a more
thorough commingling of the combustible gases with the
accompanying air. None of these devices seem yet to have
given such good results as to induce their general adoption.

In the furnaces of steam-boilers it is usually considered
advisable to allow the gaseous products of combustion to enter
the chimney at a temperature of about 600° Fahr. (315° Cent.),
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or about 2.08 times the absolute temperature of the external
air, where natural draught is employed. Rankine has stated
that the best temperature of chimney for natural draught is
that at which the gases have a density equal to about one half
that of the external air. Thus, the temperature of the external
air being 60° Fahr. (15°.5 Cent.), its absolute temperature is
521°.2 (261°.75 Cent.), and the required absolute temperature
of the gases in the chimney will be this temperature multiplied
by 244, ie., 521°.2 X 245 = 1085°.8, and the corresponding
temperature on the ordinary scale is 624°.6 Fahr. (339°.2 Cent.).

With forced draught, a considerable economy may be
effected by the reduction of the temperature of escaping gases
approximately to that of the boiler itself at the point of dis-
charge of the gases.

The fuel should be usually burned at a fair rate of combus-
tion, and in such manner as to give that degree of efficiency
which has been found financially desirable. The air-supply
should be provided for, partly above as well as below the
grates, bituminous coal demanding more above the bed of fuel
than anthracite, partly because it is needed to burn the gaseous
hydrocarbons driven off from the former, and partly because
the bituminous fuel is burned in a thicker and less permeable
bed of fuel. Ten or fifteen per cent of the total airsupply
should usually be furnished above the flame-bed.

The grate-area should always be so proportioned that it
shall be possible to keep it, in ordinary working, at all times
well and uniformly covered with incandescent fuel. The
space above the grate, between it and the heating-surfaces,
should always be so large that ample space and time are given
for thorough intermixture of gases and complete combustion,
and it should have such form that the air introduced above
the fuel may become well mingled with the gases distilled
from the coal. The effect of this air-supply, where bituminous.
coal is used, is well shown in an experiment by Mr. Houlds-
worth,* made in 1842 for the British Association, at its Man-

* Fuel Combustion and Economy; C. W. Williams. ‘‘ On the Consumption of
Fuel, etc.;” Wm. Fairbairn, Trans. Brit. Assoc. 1842.

d
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F16. 69.—TEMPERATURE OF FURNACE,

<hester meeting. As seen by reference to Fig. 69, the tem
perature in the flue fell to 750° F. (400° C.) on the introduc
tion of a fresh charge of fuel, rose at the end of a half-hour
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‘to above 1200° F. (650° C.), then fell, until at the end of an hour
and a quarter it had dropped to 1040° F. (560° C.), the fire
meantime not having been disturbed. On then levelling off
‘the surface of the bed of fuel, and thus filling all holes in the
fire, the temperature at once rose nearly to the maximum, and
then gradually fell again to 850° F. (454° C.). During this
period, the air was admitted above the fire; the lower line of
the diagram shows the result of the usual method of handling
the fires without air-supply above the fuel. The general
method of variation of temperature is the same during the
period between successive charges, but the temperature averages
ten per cent lower. The transformation of a mass of black
smoke into a flame many feet in length is the best possible
evidence of the advantage of this operation. The gain in
economy of fuel was estimated at about one third when the
supply of air was properly adjusted and managed. The dotted
line in the figure indicates the probable temperatures when the
bed of fuel is kept level and free from holes.

82. Weather Waste.—When coal is exposed to atmos-
pheric influences, a “weather waste” occurs. Oxygen is
absorbed, and a slow combustion injures the fuel. Berthelot
found also that at temperatures not exceeding 530° Fahr.
(277° Cent.) hydrogen may be absorbed, and succeeded in
converting two thirds of the bituminous coal experimented
with into liquid hydrocarbons. Coals freshly mined give out
gaseous hydrocarbons, and even anthracite mines, where deep,
are not free from danger by the explosion of such gases. The
absorption of oxygen, and this loss of hydrogen and carbon, is
injurious to the fuel. According to Mursiller, coals containing
“fire-damp” give it up at or below 626° Fahr. (330° Cent.),
and lose their coking property. Coals usually absorb carbonic
acid freely.

Poech concludes :* “ Freshly-mined coal deposited on the
rubbish piles is capable of condensing several times its volume
of oxygen in its pores. The oxygen .absorbed enters into
chemical combination with the easily-oxidized constituents.

* Van Nostrand's Magasine, 1884.
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According as the absorption is rapid or slow, a greater or less
elevation of temperature is produced. In the former it may
lead to spontaneous combustion. The crumbling of coal is,
among other causes, a consequence of the absorption and con-
densation of oxygen in its pores, and the chemical changes tak-
ing place.* The escape of the hygroscopic moisture favors the
absorption of oxygen. The pyrites can only produce a further-
some effect on the increase of temperature when present in
considerable quantities, and then only in presence of moisture
and air; in the dry state they must be regarded as perfectly
passive, and may even be detrimental to the warming. Freshly-
mined coal placed in an atmosphere of steam can suffer no
change. Even with incomplete exclusion of the air the steam
will, in general, oppose oxidation and warming, principally by
uniform moistening of the pieces of coal.”

83. The Composition of the Common Fuels may be ob-
tained from the following tables:

COMPOSITION OF VARIOUS FUELS OF THL UNITED STATES.

c | & o |w|s [Moir o |Spec
Pennsylvania Anthracite....... 78.6 | 2.5 1.7 | 0.8 0.4{ 1.2| 14.8 | 1.45
%—J
Rhode Island “ 10.5§ I I 15/ IS R, 1.85
Massachusetts “ 6.0 . 2.0[c0eefecnnns 1.78
North Carolina ¢ 3 7.8 .. 9.1}, [P PN
Welsh ‘ 8
els| C e 4.2 .7 2. 0.9| 0.9| 1. 6. 1.
Maryland Semi-Bituminous.....| 80.5 2; 2.27; b¢ (1) 1.2 1.; 8.; x.;g
\_w_.—/
Penna. “ o eees:] 75.8 20.2 .| 4.0 1.32
. “ “ eeee.| 59.4 38.8 A A 1.8 | 1.30
Indiana ‘o vesss| 70.0 28.0 .e 2.0 | 1.24
‘ ‘“ “ veees| 52.0 39.0 PN 9.0 | 1.27
Illinois Bituminous....... .... 62.6 35.5 . . .e 1.9 | 1.30
** (Block) Bituminous.....| 58.2 37.1 . ceofesee 4.7 ...
Ill and Ind. (Cannel) Bituminous| 59.5 36.6 . . . 3.9 | 1.27
Kentucky “ o 48.4 48.8 [P R 2.8 1.25
Tennessee Bituminous....... ..| 71.0 17.0 . .. ..| 12.0 | 1.45
‘ ¢ . I. 6. . . . 5 leenann
Alabama “ e 32,0 . ii .e
Virginia o . 4.0 [...
. . 7.4 vene
Cal. and Oregon Lignite........ 50.1 | 3.9 13.7 | 0.9| 1.5/16.7| 13.2 | 1.32
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MONONGAHELA GAS COAL. (CRESSON,)
- Weight of sample, 60 1bs. (27.27 kilogrammes).

Volatile matter, percent.......ccoceeevevienencancanss . 35.74
Coke, percent....... teeeeaeseercaiaeeiie e annanas 64 .26
Ash, per cent...... creene we et etiesisescancesnnanoas 6.66
Yield of gas, cubic feet per pound maximum............ 5.2
. ‘“  cubic metres per kilogramme maximum.... 0.324
Cubic feet per pound average.......... 5.0
“ ¢ cubic-metres per kilogramme average...... 0.312
Ton Maximum....coeivvieeasnenanse . 11,648.0
 AVETaAZC...scercrcectancenns esess 1I1,200.0
lllnmmaung power, 5 feet per hour = candles........ . 15.0
“ 1 ton coal = lbs. sperm......... §76.0

COMPOSITION OF FOREIGN COALS.

c. |#|m| o] s |amn| 5 | sunority.
Welsh (Amhracue) .|90.4| 3.3| 0.8 3.0/ 0.9 1.6/ 1.32 ;Vaux.
Scotch ¢ . ... ... 78.5! 5.6/ 1.0 9.7| 1.1| 4.0 1.26 |Muspratt.
Enghsh(Newcastle) ........ 82.1| 5.3 1.4] 5.7/ 1.2} 3.5/ 1.26 .
**  (Lancashire)... .177-9| 5.3] 1.3 9.5 1.4 4.6; 1.27 o
* (Derbyshire)... .179.7| 4.9| 1.4{10.3 1.0, 2.7, I.29 ‘

. (Staﬁordsbire) ...... 78.6| 5.3! 1.8(12.9| 0.4| I.0 .. [Vaux.
French Anthracite ........ 94.0| I.4] 0.6|....[....] 4.0 .... [ acquelme
‘“  Bituminous........ 84.0| 5.0' 1.0' 8.0'....] 2.0f 1.33 dieu.

b—w_-_/
Spanish (Asturias)..... 53.0 40.0 7.0, .... [|Johnson.
German (Silesia).. . ..|57.9 42.0, 2.1l 1.26 “
Saxony....ceieeiiiiinnnn e./80.0 19.0 1.0f I.29 ‘
Prussia.......... ee eeseen 56.7 18.9 24.4| 1.47 “
Hindostan......... .e 50.0 35.4 14.6/ 1.37 "
Brazil........ccoieiinann ..|57.9 40.5 1.6 1.29 “
Nova Scotia....... ceensens 60.7 26.8 12.5| I1.33 “
Cape Breton.....c...... ..|67.6 26.9 5.5 1.34 “

A et e,
Australia (L:gmte) .|64.3| 4.2| 1.0 I0.0i 0.610.0; 1.27 Isherwood.
Borneo......... veee+..|70.3! 5.4| 0.7/19.2) 1.214.2] 1.37 |Muspratt.
Chili....... Crereeeneenas ..|70.6| 5.8| 1.0[13.2| 2.0 7.4| 1.29 [
(o023 I3 2 1 RO U I x.sl 7.0/t ceenns «

13
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COMPOSITION OF SUNDRY FUELS.

c | & ‘ N | o | s |am|EPsite | Autority.
Wood (kiln-dried). ... ..... 50.5] 0.1 ...140.7(c | 1.6 ... Watts.
‘¢ (air-dried)...cveeen. . 40.4 4.9 0932.7.... 1.2/0.5t0 1.2 **
Peat (kiln-dried)........... 60.0/ 6.8! 1.330.0(....] I.Qj.... ... Paul.
* (air.dried)............ 46.1 4.6| 1.0[23.6/....| 1.5 0.5 .
T Volatile ~l.dauer.
Bitumen, United States....[24.8 72.4 2.8[...00ue. Johuson.
¢ ngland......... 52.2 47-5 0.3eenenn. o
" France........... 50.3 41.6 O Xfeiaeenns o
o South America...|[71.8 26.7 I.50ceen o o
Asphaltum, Syria.......... 24.4 68.0 7.6[... .... “
. i eeieees 14.0 72.6 13.6f........ ‘
Petroleum, pure U. S......|86.0 14.0 ....| o.8
Refuse
‘“Dead Oil” vesesss..186.5| 7.0 1.5
Gas, Marsh................ 75.0,25.0 Watts.
** Olefiant....ccoeeunenn. 85.7114.3
{
b. b. - .
Koo |Gt | & | w4 | Qoo | Autbority.
Gas from Wood......coununn 11.6 | 34.5 | 0.7 53.2 | ... Ebelmen.
Charcoal.......... 0.8 | 33.1| 0.2 ] 64.9 vee “
% Peal.coiiiiesianen 14.0 | 22.4 | 0.5 63.1 o
4 Coke..vvriinnnnnan 1.3 | 33.8| o.1|64.8 .
“ ¢ Lignite....u. o... 2.0 40.0 | 42.4| 3.2 | 12.4
“ ¢ Bituminous Coal*..| 4.1 | 23.7| 8.0 61.5 2.2 [Siemens.
y

* Burned in Siemens’ gas-producers,

84. The Heating Effect, or calorific power of good
specimens of the various kinds of fuel, is given in the follow
ing table, expressed in British thermal units, and the Appendix
contains other similar data as obtained in Sibley College
laboratory work.
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CALORIFIC PowER. w;:-';:zd e:::::;e t| Weight.
iling-| to stow | Poutds
Fus. pomt, one Ton p;;;i“:;'c
Relative. | Absolute. os:"}:}; of E‘;;','_“e stowed.
Carbon, pure ......co000i...! I1.000 14,500 | 15.00 | ......
Hydrogen...................| 4.280 | 62,500 | 62.75
Marshgas......ov0veeueee..| I.816 | 26,415 | 26.68 ceees ..
Olefiant gas...c.voveveeee...| 1.466 [ 21,328 21.54 e
Coal, Anthracite..... .......| 1.020 | 14,833 14.98 | 40 to 45 | 49 lo 56
**  Bituminous............| I.0I7 | 14.796 14.95 | 42 to 48 | 47 t0 53
**  Lignite,dry ...........| 0.7 10.150 | 10.3§ 42 53
Peat. kiln-dried.............. o. 10,150 | 10.25 81 25
‘¢ airdried......o0niennnn . 0.526 7,650 7.73 75 30
Wood, lnln-dned............ 0.551 8,029 8.10 | .....
**  airdried .............| 0.439 6,385 6.45 | 56 to 100 | 22 t0 40
Chatcoal................... 0.930 | 13,500 [ I4.00 | .....
Coke..vovvnrinnariennnnanss .| ©0.940 | 13,620 | 14.00 | 56 to 75 | 30 t0 40
Petroleum, heavy. W Va....| 1.250| 18,200 | 18.75 45 50
. light, W. Va......| 1.260 | 18,350 | 18.90 | ......
‘ ** Penna......| 1.240 | 18,050 | 18.60
' heavy, Ohio......| 1.270 | 18,450 ., 19.05 .
“ Asia...... feeeeas 1.240 | 18,000 | 18.60
o Europe ..........| I.2y0 | 18,000 | 18.60
Shale Oil, France (crude).....| 1.240 | 18.000 | 18.60 | ...... e
Animal fat..................] 0.650 | 9,000 ceeaes

i 9.30

The difference between theoretical and effective heating
power for various kinds of fuel is exhibited in the following
table, which gives the number of pounds of water evaporated
by one pound of fuel, according to European authorities:

HEeaTING Power.
Fuser, 1
Th . Under Under
eoretical. [ Steam Boilers. Open Boilers.
Petroleum.....c.coue... 16.30 10.0 (o 14.0 eeiaee
Anthracite. ...coovnenn.. 12.45 7.0 to I1.0 |  ....... .
Bituminous Coal.. ..... 11.51 5.2 to 8.0 5.2
gharcoal.... 10.77 | 6.0 to 6.75 3.7
OKE .....cveveeseesses Q.0 to .08 5.0 to 8.0
Lignite .covveeeieennnn. l 2.5 to 5.5 1.5 to 2.3
L O I Y 7. ] 2.5 10 5.0 1.7 to 2.3
Wood....... eeeens P to 2.5 to 3.75 | 1.85 to 2.I
Straw...... «e... eeens 3.0 | 1.86 10 1.92
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RELATIVE VALUE OF VARIOUS WOODS. (OVERMAN.*

Woon. (S;pemﬁc ,I,l‘l) u::es cel;gge Gsrgsci:gcof l::o::‘ni;;;f l%e;?‘v;xev €
favity. | Cord. |Charcoal. | Charcoal. |in a Bush.| of Wood.

Hickory, shell bark....| 1.000 [ 4,469 | 26.22 | 0.625 | 32.89 | I.00
Oak, chestnut......... 0.885 3.955 | 22.75 | 0.481 | 25.31 | 0.86

*“ white...oeiees...| 0.885 3,821 21.62 | 0.401 21.10 | 0.81
Ash, white......... ces| 0.772 3,450 | 25.74 | ©0.447 28.78 | 0.77
Dogwood...ccieeennns 0.815 3.643 | 21.00 | 0.550 | 29.94 | 0.75
Oak, black............ 0.728 3,254 | 23.80| 0.387 | 20.36 | 0.71

“ red...coieeene...| 0.728 3.254 | 22.43 | 0.400 | 21.05 | 0.69
Beech, white.......... 0.724 3,236 | 19.62 | 0.518 | 27.26 | 0.65
Walnut, black...... .. 0.681 3,044 | 22.56 | 0.418 22.00 | 0.65
Maple, hard (sugar)....| 0.644 2,878 | 21.43 | 0.431 | 22.68 | 0.60
Cedar, red............ 0.565 2,525 24.72 | 0.238 12.52 | 0.56
Magnolia.......ce.ne. 0.605 2,704 | 21.¢9 | 0.406 | 2r1.36 | 0.56
Maple, soft. ...... «..| 0.597 2,668 | 20.04 | 0.370 | 19.47 | ©0.54
Pine, yellow...... ve..| 0O.55I 2,463 | 23.73 | 0.332 17.52 | 0.54
Sycamore ....... .... 0.535 2,391 23.60 | 0.274 19.68 | o.52
Butternut ...........| 0.567 2,534 | 20.79 | 0.237 12.47 | o0.5I
Pine, New Jersey..... 0.478 2.137 | 24.88 | 0.385 | 20.26 | 0.48

‘“ pitchi.iveiienens 0.426 1,04 | 26.76 | 0.298 15.68 | 0.43

‘“  white..... ....| 0.412 1.868 | 24.35 | 0.293 | 15.42 | 0.42
Poplar, Lombardy....| 0.397 1.774 | 25.00 | 0.245 12.85 | 0.40
Chestnut, ............| 0.552 2,333 | 25.29 | 0.379 19.74 | 0.52
Poplar, yellow... .....| .0.563 2,516 | 21.81 0.383 | 20.15 [ o.52

# Metallurgy. N. Y.: D. Appleton & Co., 1864.

Wood cut in January contains from 15 to 25 per cent less
water than after the sap is in motion in April. As wood
seasons naturally in the air, it loses from one sixth to one
third its weight of water, but still contains from one seventh
to one fourth its weight of moisture. A consideral')l.e part of
the latter may be expelled by kiln-drying, and most of it if the
kiln heat be raised to 212°. A cord of wood contains 128
cubic feet as it lies piled up. But allowing for the interstices
in fairly piled wood, we may reckon a cord to actually contain
about seventy-two cubic feet. Thoroughly dry wood weighs
nearly as follows:

One cubic foot.  One cord.

Hickory, pounds....cceoveeiinnninannanes 62 o 4464
White oak...... teeenaas setrnaans cesaceas 53 3,816
Whiteash.... ......n.. D P 49 3,528
Redoak.......co0nts ceerenas esieianean 45% 3,276

White beech. ......... cersenanensen teeaen 45 2,240
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One cubic foot.  One cord.

“Appletree....... eseseancsssasessosannne 43 3,096
Black birch............ secesonce crevecens 43 3,096
Black walnut.....cccoeeaeennens cisesenns 424 3,060
Hard maple...oivueiiiieniraninnicononns 40 2,880
Soft maple.......ccovevunen cereseansiiens 37 2,664
Wild cherry... ........... 37 2,664
Whiteelm.....ooovieerniineennnns cesees 36% 2,628
Butternut......ccoceviiieccnnna. tesesasean 354 2,556
Redcedar.......ccocenunes seseeenas eees 35 2,520
Yellow pine...civeencerrossecscnsocss . 34 2,447
White birch. . oe.civeeeiiiconnans 33 2,376
Chestnut.......... ceeerececnnas cesesenes 32 2,304
White pine..... eseseaes ceverees veeenee 26 1,872

With hickory at $5 a cord, other woods are worth about as
below : .

Hickory...oooeeneeorenenianaceinns ceseesacscnesncseess $5 00
White oak.......... ceresienne oo D N 1
Whiteash.......c.000nne cesesenens cescsssscsnsecsess 3 85
Apple.....coviviuninennnn [ ceeensane P - )
Red oak...... teeesseinatenatteananne 4 45
White beech...... cesecssasesscssanas ceesesssssssasess 3 25
Black walnut.....cceuee.n. Cerenenaes ceseecesssrssasene 3 25
Black birch ..evivviinreinnnieneennn. S isasiitetae i, 3 15
Hard maple..........ce0vuuen Geresae cecesevesnsnannane 3 oo
White elm...c.ieeieeeircerecesasioscoscscseaciansesss 2 Q0
Red cedar.......... R I« ]
Wild Cherry.cceeveeieeeecesesecessscnsocsccnscssssssss 275
Soft maple.....covreccsscsisconacnaannns teviceseseaces 270
Yellow pPine.cceesecieereceeenesiecassnscesscsssasseass 2 70
Chestnut......cc0.ns sisees.eonsens tecesscscscnsanseane . 260
Butternut...c